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In the semiconductor space, optoelectronic materials and devices are coming of age, 
the evolution driven by the imperatives in applications such as lighting, displays, 
sensors and plastic electronics. Among these materials, inorganic semiconductor and 
metal nanostructures attract great interest, due to their small dimensions that result in 
unique properties including surface effect and quantum confinement. At the same 
time, organic materials such as polymers and small organic molecules are also 
becoming a hot research field with our increasing requirement for new functional 
materials that are bio-compatible, mechanically robust and low power consuming. 
Behind all these characteristics and functions, there are important processes and 
mechanisms that need to be investigated and uncovered. In this thesis, we spend 
effort to realize the charge transfer processes and mechanisms in the 
semiconductor-metal nanocomposites (NCs) and organic small molecule based 
memory devices through optical spectroscopic studies.  
 
Firstly, a facile strategy for preparation of novel NCs by coupling Au nanoparticles 
(NPs) onto the surface of Cu2O nanowires (NWs) is reported in Chapter 2. These 
Cu2O-Au NCs display tunable optical properties and improved photo-catalytic 
performance which are dependent on the coverage density of the Au NPs. The 
enhanced photo-catalytic efficiency is believed to be due to enhanced light absorption 
by surface plasmon resonance and electron transfer from the semiconductor to the 
 IX 
 
metal part.  
 
Chapter 3 investigates the photoconductive properties of Cu2O NWs and Cu2O-Au 
NCs by measuring their visible light excited persistent photoconductivity (PPC) at 
different ambient temperatures. By coupling of Au NPs, the photoconductivity of 
Cu2O NWs is enhanced by 6.8 times mainly through the electron transfer from the 
conduction band of Cu2O to the Au, which has been proved by the charge carrier 
dynamics study. Meanwhile, with increasing the ambient temperature, the trapped 
electrons or holes can be thermally freed from the traps to the conduction band or to 
the valence band, which can also lead to the enhanced photoconductivity in the Cu2O 
NWs.   
 
In Chapter 4, the mechanism of noble metal enhanced photocatalytic H2 production in 
Au@Ag@TiO2 NCs is studied by transient absorption spectroscopy and 
photoelectrochemical (PEC) measurements. With Au@Ag cores as electron trappers, 
the photocatalytic property of Au@Ag@TiO2 NCs is enhanced by ~14 times due to 
the sinking effect of the Au@Ag noble metal cores, which has been proved by the 
charge carrier dynamics studies. Furthermore, time resolved photocurrents of the 
Au@Ag@TiO2 NCs and P25 TiO2 NPs have been measured and compared. The 
results show that the photocurrent of pure TiO2 is ~13 times higher that of 
Au@Ag@TiO2, which is consistent with the ~14 times enhancement of 
photocatalytic activity in Au@Ag@TiO2 and indicates their capability of efficiently 
 X 
 
inhibiting the charge recombination.  
 
In Chapter 5, two conjugated pyrazoline-based small molecules (TPP-1 and TPP-2) 
with different electron deficient groups are prepared and applied in the organic 
memory devices. TPP-1 with closer molecular packing in the thin film fulfils 
non-volatile WORM binary memory behavior, while TPP-2 with looser molecular 
packing exhibits DRAM performance. Their different memory behaviors and 
switching thresholds can be mainly attributed to the stronger intermolecular π-π 
interactions in TPP-1 compared with TPP-2, which could facilitate the formation and 
maintaining of the charge-separated states and the carrier transit pathways. Moreover, 
the CT processes in the small molecules under below- or above-threshold excitation 
have been monitored and studied using transient absorption spectroscopy and DFT 
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Chapter 1 Introduction 
 
1.1 Semiconducting Materials 
 
According to historical records, the term "semiconducting" was used for the first time 
by Alessandro Volta, in 1782.1 The first documentary observation of a semiconductor 
effect is from Michael Faraday (1833), who found that the resistance of silver sulfide 
decreased with the decrease of temperature, which was different with the dependence 
in metals.2 During the recent several decades, advances in semiconducting materials 
led to the development of various electronic and optoelectronic devices, that affected 
many aspects of the technological society and our daily lives. 
 
A semiconductor is a material which has intermediate electrical conductivity between 
that of a conductor such as gold and that of an insulator such as rubber. 
Semiconductors usually have (i) electrical resistivity in the range between 10-3 and 
109 Ω/cm, (ii) negative temperature coefficient of resistance, and (iii) variation of 
electrical conductivity as a function of impurity content, excess charge carrier 
injection, optical excitation and temperature.3 These factors may affect the electrical 
conductivity of a semiconductor to change by several orders of magnitude. Such an 
ability of controlling the electrical conductivity over orders of magnitude in 
semiconductors results in the unique applications of such materials in a lot of 
electronic devices, such as transistors, photo-detectors, light-emitting diodes, solar 
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cells and digital and analog integrated circuits. The modern computer technology is 
substantially based on the capability of transistors to work as fast "ON" and "OFF" 
switches, whereas optical communication systems rely on the semiconductor-based 
lasers as the photonic source carrying the transmitted information on the one end and 
photo-detectors on the other end. 
 
An distinctive property of a semiconductor is its temperature dependent conductivity, 
the fact that the electrical conductivity in semiconductors increases with increasing 
temperature, while the electrical conductivity in metals decrease with increasing 
temperature. Another important parameter that often determines the range of 
applications of a given semiconductor is the energy band (Eg), the energy separation 
between the conduction band and the valence band. The Eg is typically in the range of 
0 to ~ 4 eV for semiconductors. However, it should be noted that resistivity 
boundaries and upper limit of the Eg can be only approximate. For example, some 
materials such as diamond with Eg of ~ 5.5 eV also exhibit semiconducting properties 





Figure 1.1 Electronic band structures of different types of materials 
 
Electrical conductivity in semiconductors arises when the electrons are present in 
quantum states that are delocalized extending through the materials. For transporting 
electrons, the states must be partially filled and contain one electron only part of the 
time. The state will become inert if it is always occupied with an electron, and the 
passage of other electrons via this state will be blocked. The energies of the quantum 
states are quite critical, because only states near the Fermi level are partially filled.4 
Figure 1.1 illustrates the electronic band structures of different types of materials. 
Metals don't have a bandgap. In metals, the Fermi level (EF) lies inside at least one 
energy band. Insulators and semiconductors have a bandgap, and their Fermi levels 
are within the bandgap. Insulators have a large bandgap, resulting in their poor 
electrical conductivity. However, the bands in semiconductors are close enough to the 
Fermi levels to be thermally populated with holes or electrons. Therefore, 
considerable numbers of electrons could be excited to cross the small band gap of an 





















Large numbers of elements and compounds have semiconducting properties. Some 
examples of the common semiconductors, widely employed in electronic and 
optoelectronic applications, are group IV elemental semiconductors (e.g., Ge and Si), 
group III-V semiconductor compounds (e.g., GaAs, GaN, GaP, AlAs, InP, InSb and 
InAs), group II-VI semiconductor compounds (e.g., ZnSe, ZnTe, ZnS, CdSe, CdS, 
and CdTe), and group IV-VI semiconductor compounds (e.g., PbSe, PbS and PbTe). 
In addition to the elemental and binary semiconductors, materials such as ternary (e.g., 
GaAs1-xPx, Hg1-xCgxTe and AlxGa1-xAs) and quaternary (e.g., GaxIn1-xAsyP1-y) 
semiconductor alloys with adjustable properties are also utilized in specific 
applications. Among these semiconductors, Si is one of the most important 
semiconducting material for electronic devices such as integrated circuits, since Si 
related fabrication and processing technology is most advanced and nearly defect-free 
materials are readily obtainable. Another important semiconductor for high-speed 
electronic device applications is GaAs because of its superior electron mobility. 
Many semiconductor compounds are widely used in optoelectronic applications, 
including light-emitting diodes and photo-detectors, and it is the energy band gap of 
the semiconductor that determines the wavelength of the absorbed or emitted 
electromagnetic radiation in the ranges of ultraviolet, visible or infrared. The 
availability of different semiconductors with proper bandgaps makes various 
semiconductor-based devices suitable for the emission and detection of 
electromagnetic radiation in corresponding ranges. In the ternary and quaternary 
 5 
 
alloyed semiconductors, the bandgap is tunable by alloying different semiconductors, 
which allows the flexible producing of materials with desired properties by changing 
the composition (i.e., x and y in chemical formulas).3 
 
In addition to inorganic semiconductors, organic materials such as small molecules 
(e.g., anthracene, pentacene and rubrene), organic polymers (e.g., 
poly(3-hexylthiophene), poly(p-phenylene vinylene), polyacetylene and the 
derivatives) and organic charge-transfer complexes could be also semiconductor-like. 
Among them, organic charge-transfer complexes often show similar conductive 
activities to inorganic semiconductors, of which the mechanism arises from the 
presence of electron and hole conduction layers that are separated by a band gap. 
Tunneling effect, mobility gaps, localized states and phonon-assisted hopping could 
also significantly contribute to the electrical conductivity in organic semiconductors, 
as they affect the inorganic amorphous semiconductors. Like inorganic 
semiconductors, organic semiconductors can also be doped to adjust their conduction 





Figure 1.2 Particle size dependent bandgap of semiconductor due to quantum 
confinement effect. 
 
With the fast development of nanotechnology in the past two decades, nanomaterials 
have attracted numerous scientific interests and studies.6-9 Semiconductor 
nanoparticles display a lot of novel chemical and physical properties compared with 
the bulk materials because of the reduced dimension and increased surface-to-volume 
ratio, and have been widely used in various fields including solar cell, photocatalyst 
and biological imaging due to their tunable optical properties.10-14 The bandgap of 
semiconductor nanoparticles increases with the decreasing of the particle size due to 
quantum confinement (Figure 1.2).15-20 Based on the quantum confinement effect, the 
energy states of charge carriers will become discrete and the movement of free 
electrons and holes will be determined by quantum mechanics, when the nanoparticle 
size is close to the exciton Bohr radius. Generally, the exciton has a finite size defined 
by the Bohr exciton diameter, which could range from one to more than one hundred 
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smaller than that of the exciton, the charge carriers become confined spatially and 
their energy increases.19-20 
 
For semiconductor nanoparticles, the shape effect is also very important and has been 
studied in many topics.20-22 For example, the shape dependence of the ultrafast 
relaxation dynamics of CdSe nanodots and nanorods has been studied. In the study, it 
was found that the carrier relaxation dynamics of higher electronic energy states in 
CdSe nanorods was faster than that in nanodots as the increase of delay time, which is 
due to the lowering of the symmetry from sphere to rod leading to the splitting of the 
energy level degeneracy. The increasing of the state density along the long axis of the 
rods could induce a speed-up of the relaxation process that involves electron-hole or 
electron-phonon coupling.20 
 
1.2 Electronic Properties and Optical Processes in Semiconductors 
 
To have a basic understanding of the optoelectronic nature of semiconductors, it is 
proper to begin from the de Broglie relation, which is based on the realization that 
particles such as electrons have a momentum p, related to their wavelength λ by the 
relationship: 
                 P = ħk                             (1.1) 
where ħ is the reduced Plank constant (h/2π) and |k| = k is the wavenumber (2π/λ). An 
electron in a solid will not only exhibit particle-like properties, but also behave like a 
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wave which can diffract off of a grating with atomic dimensions. The set of points 
representing the position of the atoms in crystals, called as Bravais lattice, could just 
be a grating. Therefore, all the optoelectronic phenomena and parameters must be 
considered within the framework of both particle and wave aspects of the electrons. 
 
1.2.1 Density of states 
 
In k-space, the values of k taken together represents a lattice of equally spaced points. 
To a first approximation, the constant energy surfaces in k space can be spherical. 
The volume of a spherical shell in k space with energy between E and E + dE is 
4πk2dk. One single state occupies a cubic space in k-space that has equal sides of 2π/L 
and volume 8π3/V (where V is the sample volume and L is the side length). The 
number of the k-space states within the thin spherical volume per volume of crystal is 
g(k)dk = k2/π2dk. The number was then multiplied by 2 to allow for two electrons in 
each cube. By using E = ħ2k2/2m* as the dispersion relationship near conduction band 
minimum, we can obtain dE/dk = ħ2k/m*.23 There is 
 gkdk = gk dkdE dE                                              (1.2) 
If g(E) is the number of the states per volume between E and E + dE, we can obtain 
by substitution that 
 gEdE = 4π 2m*h2 
3/2
E1/2dE                                   (1.3) 




If we plot the density of states as a function of energy given by Equation 1.3, the 
results are shown in Figure 1.3a. It is worth noting that the density of states decreases 
to zero as it moves towards the band edges. This is very important when discussing 
absorption or luminescence mechanism. 
 
 
Figure 1.3 (a) Density of states as a function of energy, (b) Fermi function versus 
energy, and (c) the resulting distribution of electrons and holes in the conduction and 
valence band, respectively. 
 
1.2.2 Carrier concentration 
 
The probability of occupancy of the energy levels is dependent on statistics and varies 
with the temperature. Occupational probabilities are given by the Fermi function:24 
	fE	=	 1
exp(E-)/kT                                           (1.4) 
Therefore, the probability that the energy levels are not occupied by electrons, and 






(a)                                       (b)                                       (c)
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 1-fE = 1
exp(-E)/kT                                	         (1.5) 
The parameter, EF, is defined as the energy where the electron and hole occupancy 
probabilities are equal (f(EF) = 0.5). Due to the exponential nature of the Fermi 
function, the distance below the Fermi level is very small (~ kT) where the electron 
occupancy probability increases to unity, and there is an equally distance above EF 
where the probability decreases to zero (Figure 1.3b). 
 
The total number of electrons can be determined by the number of available energy 
levels, multiplied by the probability that these levels are occupied. The electron 
concentration n in the conduction band can be obtained by integrating over the 
product of g(E) and f(E) above the bandgap, from the bottom of the conduction band 
EC upwards: 




The g(E) increases with E1/2, while the f(E) sharply decreases with increasing energy. 
The result of f(E)g(E) is a distribution of electrons with a energy band that peaks a 
short distance (~ kT/2) to the band edge, as shown in Figure 1.3c. 
 
1.2.3 Conduction processes in semiconductors 
 
In order for electrical conduction to occur in a semiconductor, electrons and holes 
must be in motion in the conduction and valence bands. As mentioned above, the first 
requirement is there being partially filled band, since a fully filled or completely 
 11 
 
empty band will not conduct. Another necessary requirement is that the carriers move 
along a net direction. To achieve this, an external force is needed. Without the 
external force, the carriers have only a scattering limited thermal velocity that is not 
directional. Moving electrons and holes in the bands will collide with other carriers, 
phonons and impurity centers, so their moving direction will be changed. Since the 
electrons and holes are all charged particles, an external electric field applied to the 
semiconductor can move the carriers in the direction of the electric field, which is 
termed drift as shown in Figure 1.4. Like neutral particles, The electrons and hole can 




Figure 1.4 Schematic diagram illustrating the drift motion of electrons and holes in 
their respective bands due to an electric field applied to the semiconductor. 
 
Drift process arises due to the externally applied force such as electrical field E on the 
charged carriers. Electrical conduction of electrons and holes in the bands of 
semiconductors is similar to that of free electrons in metals. Therefore, the induced 
current due to the electrons in the conduction bands can be given as 
                    Jdr = -nqv = σE (A/cm2)                    (1.7) 
+
















which is substantially Ohm's law. σ is the conductivity, E is the applied electric field, 
and v = vD is the average scattering limited drift velocity of the electrons. If the 
average time interval between random collisions is τC. The average rate of momentum 
change due to collision is mvD/τC. Then the equation of the motion of electrons under 
electric field along x-direction can be given as 
 -qE = me*
dvDx




               													      	       (1.8) 
where on the right the first term is the energy obtained from the field and the second 
term is the energy lost due to the collisions. The solution of the differential equation 
results in 










According to Equations 1.9 and 1.10, τC is defined as relaxation time, in which the vDx 
and Jdr increase exponentially with time to a certain value. Physically, τC is the time 




                                              (1.11) 











                    				                     (1.12) 
where µe is the electron mobility, the steady-state velocity and current can be given by 
v




Jx = nqµeE                                                (1.14) 







                                          (1.15) 
Since the above derived equations are equally valid for the transport of holes in the 
valence band, the total current density due to drift of electrons and holes can be give 
by  
Jdr = q(nµe+ pµh)E                                         (1.16) 
and the conductivity can be given by 
σ = q(nµ
e
+ pµh)                 	                          (1.17) 
 
1.2.4 Optical absorption 
 
When photos with sufficient energy are incident on a compound semiconductor, 
optical absorption involving different physical processes occurs. A hypothetical 
optical absorption scan on the semiconductor as a function of wavelength or energy 
of the incident light, with selected critical absorption points, is shown in Figure 1.5. 
Transitions involving different absorption phenomena could be identified in this 
figure. The absorption edge (labeled as (3) in Figure 1.5) is defined as the electronic 
transition from the valence band to the conduction band. Because of the existence of 
Franz-Keldysh shifting, band tail states and other inhomogeneities in the 
semiconductor, the absorption edge is exponential increase instead of a step function, 







                         								            (1.18)  
Here hv is the energy of incident light and α is the absorption coefficient. Then the 
slope of the absorption edge increases as temperature decreases. In addition to the 
interband absorption (3), Figure 1.5 also shows intraband absorption (1), absorption 
due to donor-acceptor pair complex or exciton relaxation (2) and absorption due to 
imperfection, phonons and free carriers ((4), (5) and (6)). Many features in Figure 1.5 
such as the donor-acceptor pair and exciton peaks are only observable at very low 
temperature. For most covalent semiconductors, transition peaks (1) are observable in 
the UV-visible regions. (2), (3) and (4) are in near-mid IR regions. (5) and (6) are in 
the mid-far IR regions. 
 
 
Figure 1.5 Optical absorption as a function of incident wavelength. 
 
1.2.5 Radiative and nonradiative recombination 
 
Under optical excitation, a steady state or quasi equilibrium is produced based on 
continuous carrier generation in the semiconductors. Electrons and holes are 



















established. The equality is necessary for the maintenance of overall charge neutrality. 
When the excitation is removed, the excess carrier density returns to the equilibrium 
values, n0 and p0. The decay of excess carriers usually follows an exponential law 
~exp(-t/τ), where τ is defined as the lifetime of the excess carriers.27 The carrier 
lifetime is determined by a combination of extrinsic and intrinsic factors, and is an 
important parameter that influences the performance of most optoelectronic devices. 
Depending on different semiconductors, there can be very strong surface 
recombination which depends on the density of surface states. 
 
 
Figure 1.6 Non-radiative recombination at recombination center (a), electron trap (b) 


























In general, the excess carrier decays by radiative or/and non-radiative recombination. 
The excess energy is dissipated by photons or/and phonons. The radiative 
recombination releasing photons is important for the operation of luminescent devices. 
Non-radiative recombination usually occurs via surface or bulk traps and defects 
(Figure 1.6), and decreases the radiative efficiency of the sample. Therefore, the total 









                                                (1.19) 
where τR and τNR are radiative and non-radiative lifetimes, respectively. The total 
recombination rate k is expressed as 
k = kR + kNR                         (1.20) 
where kR and kNR are radiative and non-radiative recombination rates, respectively. 




                   	       	                    (1.21) 





                                             (1.22) 
To achieve high radiative recombination efficiency, the τR/τNR should be as small as 
possible, or the τNR should be as large as possible. The τNR value is controlled by the 
properties of defects, which produce energy levels in the bandgap of the 
semiconductor. The excess energy of these carriers recombining at the defect levels is 




1.3 Charge Transfer Processes in Semiconductor-Metal Systems 
 
1.3.1 Semiconductor-metal nanocomposites (NCs) 
 
It is well-known that nanomaterials display a lot of novel physical and chemical 
properties, as compared to their bulk materials, because of their reduced dimension 
and increased surface area.10-11, 28 Among various nanomaterials, semiconductor 
nanomaterials such as TiO2, ZnO, CdS, ZnS, CdSe, SnO2 and Cu2O are particularly 
useful because of a favorable combination of electronic structure, light adsorption 
properties, charge transport characteristics and life time of excited state.29-35 When 
photons with sufficient energy activate these semiconductors, electrons jump from the 
lower energy valence band to the higher energy conduction band. The photogenerated 
electrons and holes can contribute to the free charge carriers in photovoltaic 
applications or be trapped to produce hydroxyl radicals (·OH) that play key roles in 
photocatalytic reactions to degrade various toxic organic compounds into less or 
non-harmful ones.36 However, fast recombination of the photogenerated electrons and 
holes in the semiconductors could suppress the transport of charge carriers or the 
photocatalytic efficiency, limiting the applications of the semiconductors.37-38 During 
the past decades, various methods including noble metal loading, plasmonic 
structures and conjugated graphenic carbon coatings have been studied to improve the 
charge carrier transfer as well as their separation in a photocatalytic or photovoltaic 






Figure 1.7 TEM images and corresponding schematic architectures of various 
semiconductor-metal NCs. (a) Cu2S-Au at tilt angles of 30, 0 and -30°.39 (b) Ru nano 
inorganic caged copper sulphide NPs. (c) “Microphone-like” AgCdSe-Au NRs with a 
mean size of 24 nm for the AgCdSe parts and a mean length of 41 nm for the Au 
NRs.40 (d) CoO tipped CdSe/CdS NRs obtained from oxidation of the Co tips.41 (e) 
ZnO-Au hexagonal pyramid-like nanostructures.42 (f) CdS-Au core-shell NRs with 
shell thickness of ∼4.5nm.(g) CdSe/CdS/ZnS-Au@hollow SiO2 yolk/shell 
nanospheres.43 (h) CdS nanorods with single Au tip. (i) CdS-Au body decorated NRs. 
Reprinted with permission from ref. 44. Copyright 2014 American Chemical Society. 
 
Preparation of semiconductor-metal NCs continues to develop rapidly. 
Semiconductor-metal NCs characterized by a high degree of control over the position, 
size, composition and shape of the different components further extend the selection 
of such architectures and greatly enrich the reaction pathways for their preparations 
(Figure 1.7).44 Among the preparation methods, selective surface growth of one 
component on the other is widely used. The surface capping and crystal morphology 
provide different reactivities for different facets of the nanocrystals, leading to the 
growth of the second phase material on the more reactive facets of the first phase 
nanocrystals.44 This includes the Cd-chalcogenide nanorods (NRs) with single or 
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double Au tips45-46 and Au deposition on PbS nanocrystals.47 Selective deposition has 
been previously demonstrated on CdSe, CdS and CdSe@CdS core@shell NRs with 
deposition of different components including Pt,48-51 PtCo,48 PtNi,48, 52 Au,45-46, 53-55 Pd, 
Ag2S,56 PdO, Pd4S57 and Co.58 Either photochemical or thermal induced metal growth 
methods can be used to form different deposition patterns, which is dependent on 
reaction temperature, metal type, surface coating and precursors. For example, 
growth of Pt nanoparticles (NPs) along CdS NRs on defect sites was achieved at 
room temperature by photodeposition.49 The defect sites are related to the localization 
of electrons utilized for metal reduction. At high temperature, selective Pt growth 
yielded single Pt tip deposition on one of the apexes of anisotropic CdS NRs, which 
was assigned to the sulfur-rich facets.48 On the other hand, either Au tip or multiple 
Au NPs on the CdS NR surface was achieved by thermal growth depending on 
precursor concentration,56 while CdS NRs with single Au tips were prepared through 
photodeposition.54-55 
 
In addition to the deposition growth, directed assembly of semiconductor and metal 
nanocrystals is also an effective and efficient method to prepare semiconductor-metal 
NCs. This method separates nucleation of free nanocrystals and allows good control 
over the size of different components of the NCs. To overcome the difficulty of weak 
interactions between the semiconductor and the metal NPs, various efforts have been 
made to modify the surface of metal oxide with an intermediate layer such as 
surfactants,59-60 polymers,61-62 or amorphous Si-OH polymerizers.63 These 
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modifications introduce new functional groups such as carboxylates, amines and 
thiols, which provide covalent linkages between the semiconductor part and the metal 
part. For example, poly(o-anisidine)-capped Cu2O nanowires (NWs) provide strong 
hydrophobic host-guest interactions with oleylamine-capped Au NPs to form 
Cu2O-Au semiconductor-metal NCs. This convenient method overcomes the 
drawbacks of common strategies by a good control over the size and the density of 
Au NPs on the surface of Cu2O NWs.64 Besides, many works in these directions 
focused on CdS and CdSe NRs with Ag or Au domains.45, 65 For example, closed 
packed sheets of CdSe-Au nanodumbbell with dimensions up to few micrometers was 
realized by side-by-side assembly.66 Such assembly was achieved by replacing the 
hydrophobic ligands of two Au tips with 11-mercaptoundecanoic acid at low 
concentration as well as changing the reaction medium polarity.67 Since the 
11-mercaptoundecanoic acid remained hydrophobic ligands, nonpolar solvent was 
changed to polar solvent to increase the interactions between them by anisotropic 
attraction forces. Moreover, stability of the arrays was further enhanced through the 
formation of hydrogen bonds between carboxylic groups. 67-69 Such assembly could 
also occur just in different solvent quality, but the NRs sheet would be then less 
active.66 
 
1.3.2 Mechanisms and applications 
 
By integrating semiconductor and metal segments into hybrid nanostructures, the 
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rapid charge transfer upon light excitation is promoted, which leads to the charge 
separation. Due to the energy band alignment at the semiconductor-metal interfaces, 
the excited electrons in the conduction bands of the semiconductors are promoted to 
transfer to the Fermi energy levels of the metals which are usually located within the 
bandgap of the semiconductor components. The photogenerated holes may be 
captured by the reducers or remain localized to the confined levels or defect states in 
the semiconductors. The dynamics and efficiency of these processes are dependent on 
the structure, morphology and type of both components. Different metals have 
different charge accumulation behaviors. Depending on the difference between the 
semiconductor work function and the metal Fermi level, either ohimc contants in 
ZnO-Pt NCs or capacitance and charging properties in ZnO-Au could be 
demonstrated.70 In the cases of Au and Ag, charges transferred to them can be stored, 
leading to a shift of the Fermi level due to electron charging energy which may be in 
order of 0.1 eV per stored electron for a NP in vacuum.71 Under irradiation in 
presence of hole acceptors in the solvent, the electron accumulation of the metals will 





Figure 1.8 Time and spectrally resolved transmission change ∆T/T (tD, λprobe) 
measured in the CdS-Au nano-matchsticks under pump wavelength (a) λpump = 540 
nm and (b) λpump = 400 nm. Reprinted with permission from ref. 72. Copyright 2012 
American Chemical Society. 
 
The charge transfer mechanisms and dynamics have inspired and stimulated 
numerous research studies, also due to their implications of the processes on 
photocatalytic and photovoltaic applications of the semiconductor-metal NCs. In 
these studies, time-resolved spectroscopy was employed and different time scales 
were observed. The differences may be from different compositions of the 
semiconductors and metals, the particle structure, surface defects and interface 
characteristics. Mongin et al. group reported a study on the ultrafast photoexcited 
charge separation in single tipped CdS-Au NRs. The time scale of the electron 
transfer was estimated to be sub-100 fs.72 By separately probing the metal and the 
semiconductor domains, the contribution of the charge transfer could be measured 
(Figure 1.8). The amplitude and spectral differences between the pump with 
wavelength related to the surface plasmon resonance (SPR) region (Figure 1.8a) and 




(Figure 1.8b) are attributed to the charge transfer besides a heating effect within the 
metal. This comparison and the comparing measurements between CdS NRs and 
CdS-Au NRs probed at 480 nm (semiconductor absorption region), demonstrate the 
time scale of the ultrafast charge separation. Transient absorption measurements on 
other semiconductor-metal NC systems including ZnSe/CdS-Pt73 and CdS-Pt73-74 
were interpreted to demonstrate longer charge separation times, 14 ps and 3~4 ps, 
respectively. The difference between the two systems could be attributed to their 
difference potential profile of the band alignment. The longer charge separation of the 
ZnSe/CdS-Pt system may be due to the Coulombic interactions between the 
electron-hole pairs, while the confined holes in the ZnSe cores also induce increased 
electron density. Understanding and controlling the mechanisms and dynamics of the 
charge transfer by tuning the semiconductor-metal architecture and composition are 
key aspects toward their applications in various fields. 
 
 
Figure 1.9 Time-resolved photoluminescence spectra of Au@CdS nanocrystals and 
CdS with the shell thickness of (a1) 14.0 nm and (b1) 18.6 nm. (b1) correlations of 
electron-transfer rate constant (ket) and rate constant of RhB photodegradation (kRhB) 
with the shell thickness of Au@CdS nanocrystals; (b2) photocatalytic activity of 
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Au@CdS nanocrystals; (c1) photocatalytic performance of different photocatalysts. 
(c2) Absorption spectra of rhodamine B after exposure of 150 min of daytime 
sunlight without catalyst and in the presence of Au@CdS nanocrystals. Reprinted 
with permission from ref. 79. Copyright 2012 American Chemical Society. 
 
In the recent years, one of the most widely studied applications of the 
semiconductor-metal NCs is the photocatlytic function. Electronic structure, charge 
separation, and band alignment allow the consideration of the NCs as efficient 
heterogeneous photocatalysis. Light energy conversion to chemical energy is the key 
for applications of semiconductor-metal NCs in hydrogen generation by water 
splitting or photodegradation of organic contaminats for water purification.75-77 Proper 
combination of the semiconductor components and metal components can adjust the 
potential of the system to match the reduction potential of the target redox reaction by 
tailoring their band alignments. Furthermore, the size and type of each component 
could have impact on the nature of the charge separation and accumulation. For 
example, Au@CdS core-shell NCs with different shell thicknesses were prepared and 
their photocatalytic properties had been also evaluated by photodegradation of 
rhodamine B in aqueous phase under visible light irradiation, as shown in Figure 
1.9.78-79 It was found that the electron transfer rate constant of the Au@CdS NCs was 
enhanced with the increase of the shell thickness, which may be due to the less active 
electron hole interaction of thick CdS shell, inducing a fuller extent of the 
participation of photogenerated electrons in the charge separation processes. The shell 
thickness correlation with the photocatalytic property in the Au@CdS core-shell NCs 
is well consistent with the electron transfer rate constant. Compared to commercial 
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photocatalysts including P25 TiO2 and CdS powder, the Au@CdS core-shell NC 
exhibits superior photocatalytic activities under visible light irradiation, which 
demonstrates its potential as an effective visible-light-driven photocatalyst. Moreover, 
their good visible light harvesting performance shows that Au@CdS core-shell NCs 
can be utilized as efficient photocatalysts to harvest and convert energy from natural 
sunlight. This core-shell photocatalyst may also find more promising applications in 




Figure 1.10 (a) HRTEM image of a Au NP-decorated ZnO NW. (b) HRTEM image 
of a Au NP-decorated ZnO NW, showing the distribution of the Au NPs. (c) HRTEM 
image of a pristine ZnO NW. (d) HRTEM image at the interface of Au NP and the 






Figure 1.11 (a) I-V curves of a single ZnO NW photodetector with Au NPs 
decoration under UV illumination with different power. The comparison of the I-V 
curves between the pristine ZnO NW and the Au NP decorated ZnO NW 
photodetectors under UV illumination with the power of (b) 10 mW, (c) 20 mW, and 
(d) 30 mW. Reprinted with permission from ref. 81. Copyright 2010 Optical Society 
of America. 
 
In addition, semiconductor-metal NCs have been also applied in photovoltaic 
applications. By coupling with metal NPs, the photoconductivity of the 
semiconductor nanocrystals could be enhanced through electron transfer and trapping 
into the metal parts. Chen et al. demonstrated the Au NP decoration as an effective 
way to enhance the photoconductivity of single ZnO NW photodetectors through 
localized Schottky effects (Figure 1.10). The enhancement is caused by the space 
charge effect by the formation of the Schottky junctions under open circuit conditions 
at the ZnO NW surface, which leads to more pronounced electron hole separation 
effect (Figure 1.11). Under UV light illumination, most photogenerated electrons in 
the conduction band of the ZnO NWs transferred to the Au NPs instead of 





Figure 1.12 (a) Scheme diagram of the electrical setup. (b) Typical dark I-V curves 
of the CdSe-Au network nanoelectronic devices before (squares) and after annealing 
(triangles) at room temperature. Reprinted with permission from ref. 84. Copyright 
2012 American Chemical Society. 
 
Another important application of the semiconductor-metal NCs is that the metal 
domains in the NCs can act as electrical contacts and affect the activities of 
semiconductor based nanoelectronic devices. Figuerola et al. developed an approach 
for creating hybrid networks welded by Au domains.82 By addition of molecular 
iodine to the solution that promote the formation of larger Au junctions, the network 
robustness was enhanced.82 The self-assembled CdSe-Au NRs were then drop 
deposited on an as-designed device followed by dielectrophoresis.83 The conductance 
(Figure 1.12a) depends on the nature of Au domains, which can be tuned by thermal 
annealing. Thermal annealing in range of 100-200 °C could induce an Ostwald 
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ripening effect on the growth of larger Au domains on the tips. This structural 
transformation resulted in a decrease of the conductivity at the room temperature, as 
shown in Figure 1.12b, while lower temperature leads to improved performance. 
Such phenomenon could be attributed to the dominant thermionic emission across the 
nanoscale Schottky barriers at the room temperature, whereas at low temperature the 
thermal activation of the charge carriers becomes negligible. Also, the charge 
transport could be affected by the charge tunneling and the Coulomb blockade, 
corresponding to the single electron charge activities.84 
 
In this section, various designs and applications of semiconductor-metal systems are 
introduced and discussed. The mechanisms are based on the processes of charger 
transfer in these inorganic systems. In the section 1.4, charge transfer within organic 
materials and their applications in memory devices will be introduced. 
 
1.4 Photoinduced Intramolecular Charge Transfer in Organic Electronic 
Memories 
 
In the recent years, organic memories has emerged as an active research area, because 
they are potential alternative to the conventional inorganic memory technology that 
are facing challenging problems in dimensional miniaturizing from microscale to 
nanoscale. Organic materials have many attractive advantages including small 
dimensions, good scalability, low cost, low operation power and device structure 
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simplicity.85-92 In particular, organic materials possess unique properties such as ease 
of processing, good mechanical strength and good flexibility. Figure 1.13 shows the 
product of mile long flexible printed polymer logic circuits for radio frequency 
identification (RFID) tags from PolyIC company.93 
 
 
Figure 1.13 Mile long printed polymer logic circuits for RFID tags. (PolyIC press 
picture)93 
 
Numerous organic memories have been designed, fabricated and studied. Here we 
just focus on one of the most important and widely used types, resistor organic 
memory based on charge transfer (CT) effect. A CT complex is defined as an electron 
donor-electron acceptor complex, which is characterized by electronic transition to an 
excited state. In the electronic transition, a partial transfer of the electronic charge 
occurs from the donor moiety to the acceptor moiety, in which the memory undergoes 
an electrical transition from low conductance (OFF sate) to high conductance (ON 
state).94 The threshold switching and electrical memory phenomenon of CT complex 
was first reported in 1979, for a copper (donor) and 
7,7,8,8-tetracyanoquinodimenthane (acceptor) complex.95 Subsequently, various 
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organometallic and pure organic CT complexes were explored for the application in 
non-volatile organic memories.96 Yang et al. demonstrated an polymer memory bas 
on CT by doping an electron donor, such as tetrathiafulyalene or 8-hydroxyquinoline, 
with an electron acceptor, such as Au NPs or phenyl C61-butyric acid methyl ester, in 
polymeric matrix.97-100 Pal et al. demonstrated memory effects in organic devices 
based on dye molecules embedded in supramolecular structures.99-103 The formation 
of the organic conductor from donor, acceptor and donor-acceptor mixture is 
illustrated schematically in Figure 1.14.104 Ion-radical species which are formed by 
reduction of an acceptor or oxidation of a donor may undergo further transformations 
such as fragmentation and reactions with moisture, solvent or oxygen from air. In a 
stable CT species, relationship between ionic binding and conductivity exists. For 
example, in a 1:1 7,7,8,8-tetracyanoquinodimenthane (TCNQ) charge transfer salts, 
donors characterized by low ionization potential and small size form strongly ionic 
salts with the TCNQ. In this condition, there is a complete transfer of charge (or with 
CT degree value, δ > 0.7) from the electron donor to the TCNQ. Hence, the ionic salts 
are insulators due to Coulomb interactions. To the other extreme, donors with too 
large size or with too high ionization potential will form into molecular neutrals (δ < 
0.4). In between, donors with intermediate ionization potential and size tend to form 





Figure 1.14 Schematic illustration of the formation of ion-radical species and charge 




Scheme 1.1 Chemical structures of functional polyimides for organic memories. 
Reprinted with permission from ref. 111. Copyright 2008 Elsevier Ltd. 
 
For the CT processes in the organic memories, their mechanisms and dynamics can 
be comprehensively understood in functional polymides memories. For example, a 
functional polymide containing electron donor and electron acceptor moieties within 
one single macromolecule was synthesized by the reaction of hexafluo-isopropyl 
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bis(phthalic dianhydride) with 4,4'-diaminotriphenylamine (TP6F-PI, Scheme 
1.1).108-109 The memory device based on TP6F-PI show dynamic random access 
memory (DRAM) behavior (Figure 1.15).108 The as-prepared ITO/TP6F-PI/Al 
sandwich device is at OFF state with low conductance. When the bias voltage 
increased to switching threshold, the device underwent an electrical transition from 
the OFF state to an ON state ("writing "). The ON state could return to OFF state by 
applying an opposite threshold voltage ("erasing"). The erased OFF state could be 
further written to the storage ON state when the threshold voltage was re-applied, 
indicating the rewritable characteristics of the memory device. After removing the 
power supply for a short time usually less than 1 min, the ON state relaxed to the 
OFF state, which indicates the memory device is volatile. However, the unstable ON 
electrical state could be sustained by a refreshing voltage pulse per 5 s. 
 
 
Figure 1.15 The J-V characteristics for an organic DRAM device based on TP6F–PI. 





The mechanism of this electrical filed induced conductivity in TP6F-PI is similar to 
that of the photoinduced CT in photoconductive PIs.110 In TP6F-PI, the 
triphenylamine acts as electron donor, with phthalimide as electron acceptor to 
promote CT complex formation. In the absence of electrical field, there are as many 
polarized states to the right as to the left in the TP6F-PI. Thus, the CT excitons have 
almost no net dipole moment, leading to the CT photoluminescence. When the 
electrical field is applied, there will be a splitting of the initial CT states due to the 
energy difference between the right and left polarized states. The plausible dynamics 
induced by the electrical field are shown in Figure 1.16. Molecular density functional 
theory (DFT) simulations of the TP6F-PI basic unit show that the HOMO is located 
in the donor, while the first and the second LUMOs are located in the acceptor. At the 
threshold voltage, one electron transition from the HOMO to LUMO3 in the donor to 
form an excited state. Excitation of the donor leads to decrease of the ionization 
potential and consequently promotes an intra- or inter-molecular CT at the excited 
states.108 CT can occur indirectly from the LUMO3 of the donor to the LUMO2 and 
the LUMO of the acceptor, or directly from HOMO to the LUMO2 and LUMO of the 
acceptor, to form a CT complex with high condutivity. The charges could be further 
segregated and delocalized to the triphenylamine part, stabilizing the CT states to 
some extent. However, the electrical ON state of the TP6F-PI is not able to be 
sustained because of limited delocalization in the conjugated triphenylamine moieties. 
An opposite threshold voltage or removal of the power supply can release the CT 




In addition to DRAM, it has been further studied that proper PIs, with suitable 
position of the donor and acceptor in the structure and suitable electron donating or 
withdrawing strength, could enable the organic memory devices to also behave as a 
write-once-read-many-times (WORM) or a flash memory.111 Flash memory has been 
exhibited in a memory based on fluorinated PI functionalized with a pyrene 
derivative (PP6F-PI, Scheme 1.1). Different with TP6F-PI, the electron donor group 
of the PP6F-PI (pyrene moiety) is present as pendant group instead of in the 
backbone. Thus, PP6F-PI possesses a much lower HOMO (-5.4 eV) energy level and 
a higher (2.28 Debye) dipole moment compared to that of the TP6F-PI (-4.93 eV and 
2.06 Debye, respectively).108 The higher dipole moment may lead to a more stable CT 
state. Therefore, the device based on the PP6F-PI exhibits non-volatile and 
re-writable flash memory performance. In another organic memory device based on 
TPS-PI (Scheme 1.1), WORM memory behavior was observed. In the TPS-PI, the 
triphenylamine moiety acts as an electron donor, while the sulfonyldiphthalimide 
group serves as an electron acceptor. The high delocalization of the perylene moieties 
provides the conductive channels to improve the CT state formation and charge 
transport. The charges could be further segregated by a high electrical field as well as 
delocalized to the conjugated moieties, leading to the formation of a highly stable CT 
state. Therefore, the electrical ON state of the TPS-PI can be sustained for long time 
even after removing the electric field, resulting in the WORM memory behavior. It 






Figure 1.16 Molecular orbitals of basic unit of TP6F–PI (left) and transitions (right) 
from ground state to charge transfer state induced by electric field. Reprinted with 
permission from ref. 108. Copyright 2006 American Chemical Society. 
 
1.5 Experimental Techniques 
 
1.5.1 X-ray diffraction (XRD) 
 
XRD is the most commonly used technique for identifying the molecular and atomic 
structure of a crystal.112 Figure 1.17 illustrates the XRD experimental setup. The 
X-ray source with wavelength ranging from 0.7 to 2 Å is projected onto the sample, 





Figure 1.17 Schematic of XRD experimental setup. 
 
The working principle of XRD is based on the Bragg's law, given by 
2dsinθ = nλ                         (1.23) 
Here d is the lattice space. θ is angle between the incident beam and the scattering 
planes. λ is the wavelength of the X-ray. Different crystalline material has different 
unique d-spacings, which only allow diffractions with certain incident angle θ. 
Therefore, the XRD spectrum is obtained by plotting the peak positions and 
intensities as function of 2θ. X-ray diffractometer (Bruker-AXS) with Cu Kα 
radiation is used in our work. 
 
1.5.2 Ultraviolet-visible (UV-Vis) spectroscopy 
 
UV-Vis spectroscopy refers to an absorption spectroscopy in the ultraviolet-visible 
spectral region. This technique measures the transitions of the materials from the 










irradiated onto the sample, it will pass through or be absorbed. The difference 
between the incident radiation (I0) and transmitted radiation (I) is the amount of light 
absorbed, which can be described as either absorbance (A) or transmittance (T) or 




                                                      (1.24) 
A = -logT                          (1.25) 
Generally, a UV-Vis spectrometer uses tungsten halogen lamp or xenon lamp as the 
light source. A grating is used to split the light continuity into single wavelengths and 
a light detector detects and converts the transmitted light intensity to readable 




Photoluminescence (PL) deals with the transition of the materials from the excited 
state to the ground state, which is complementary to the absorption spectroscopy. 
This technique is used to measure the radiative properties of the materials.114 When 
the materials absorb light, the electrons in the valence band will be promoted to the 
excited state. During the radiative decay, the energy absorbed will be released in form 





Figure 1.18 Schematic of PL experimental setup 
  
Figure 1.18 shows the schematic of the experimental setup for PL measurement. 
Laser is used as light source, of which the excitation intensity is tuned by using 
neutral density (ND) filters. One lens is used to focus the excitation light onto the 
sample, and the other lens collects the PL emitted from the sample. The focused 
emission is guided into the monochromator (Acton, Spectra Pro 2300i) through an 
optical fiber. A short pass filter is placed before the slit of the monochromator to 
minimize the scattering from the excitation source. 
 
1.5.4 Transient absorption spectroscopy 
 
The electronic relaxation and charge transfer dynamics can be measured by using 
femtosecond transient absorption spectroscopy. The transient absorption (TA) spectra 
provide an insight into the behavior of the excited electrons as a function of time over 
a wide range of probe wavelength. On the other hand, single wavelength dynamics 







relaxation or charge transfer processes. 
 
 
Figure 1.19 Optical setup for transient absorption measurement. 
 
A typical optical setup for the transient absorption measurement is shown in Figure 
1.19. The experiments were performed by using a Ti:sapphire oscillator (Spectra 
Physics) seeded regenerative amplifier laser system. The amplifier laser system gives 
an output femtosecond pulse with energy of 2 mJ at 800 nm and a repetition rate of 1 
kHz. A larger portion of the 800 nm beam passed through a BBO crystal to generate 
the 400 nm pump beam by second harmonic generation. A small portion of the 800 
nm beam passed through a sapphire crystal to generate a white light continuum as the 
probe beam. The pump beam was focused onto the sample with a beam size of ~ 300 
µm in diameter and overlapped with the smaller probe beam (~ 100 µm in diameter). 
The time delay between the pump and probe pulses was controlled by a translation 
stage (Newport, ESP 300). The signal and reference beams are detected by 


















samples were contained in a 1 mm path length cuvette with same extinction intensity 
at pump wavelength. During the measurements, the pump and probe power intensities 
were kept same and low to minimize the photodamage to the samples. 
 
1.6 Thesis Outline 
 
From the earlier discussions on the electrical and optical properties of the 
semiconductor-metal systems and the organic molecules, the field of study and 
control of charge transfer is certainly an area holding great promise for future 
optoelectronic applications. Having provided a brief introduction on this research area, 
an outline of the research study conducted in the thesis is given in this section. 
 
Chapter 2 introduces a facile strategy for coupling Au NPs onto the surface of Cu2O 
NWs. The presence of Au NPs enhanced the photo-degradation efficiency of Cu2O 
NCs. These Cu2O-Au NCs display tunable optical properties and their photo-catalytic 
properties were found to be dependent on the coverage density of Au NPs. The 
enhanced photo-catalytic efficiency was believed to be due to enhanced light 
absorption (by surface plasmon resonance) and electron sink effect of Au NPs. These 
studies help to understand charge generation and transfer processes in 
semiconductor-metal NCs. In addition, such single crystalline anisotropic Cu2O NWs 
coupled with Au NPs are very desirable building blocks for devices such as 
field-effect transistor applications, as a result of efficient transport of electrons and 
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excitons under one-dimensional confinement. 
 
Chapter 3 investigates the photoconductive properties of Cu2O NWs and Cu2O-Au 
NCs by measuring their visible light excited persistent photoconductivity (PPC) at 
different ambient temperatures. By coupling of Au NPs, the photoconductivity of 
Cu2O NWs is enhanced by 6.8 times mainly through the electron transfer from the 
conduction band of Cu2O to the Au, which has been proved by the charge carrier 
dynamics study. Meanwhile, with increasing the ambient temperature, the trapped 
electrons or holes can be thermally freed from the traps to the conduction band or to 
the valence band, which can also lead to the enhanced photoconductivity in the Cu2O 
NWs. In addition, we have studied the time-resolved photoconductivities of our 
samples. From the results, we found that the photocarrier relaxation dynamics 
consists of a fast decay process followed by a slower one, which is attributed to the 
presence of traps in the energy band gap as well as the local potential fluctuation. The 
coupling of Au NPs on the Cu2O NWs can prolong the PPC by electron transfer and 
further contribute to the PPC enhancement. Our work suggests that the rational 
integration of Cu2O NWs and Au NPs is a viable approach to enhancing the 
photoconductive properties of Cu2O, which could be the potential building blocks in 
the optoelectronic applications. 
 
Chapter 4 studies the mechanism of noble metal enhanced photocatalytic H2 
production in Au@Ag@TiO2 NCs by transient absorption spectroscopy and 
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photoelectrochemical (PEC) measurements. With Au@Ag cores as electron trappers, 
the photocatalytic property of Au@Ag@TiO2 NCs is enhanced by ~14 times through 
the electron transfer from the conduction band of TiO2 to the Au@Ag, which has 
been proved by the charge carrier dynamics study (faster transient absorption decay 
in Au@Ag@TiO2 compared to pure P25 TiO2). Furthermore, time resolved 
photocurrents of the Au@Ag@TiO2 NCs and P25 TiO2 NPs have been measured and 
compared. The results show that the photocurrent of pure TiO2 is ~13 times higher 
that of Au@Ag@TiO2, which is consistent with the ~14 times enhancement of 
photocatalytic activity in Au@Ag@TiO2 and indicates their capability of efficiently 
inhibiting the charge recombination. This work is of fundamental relevance to the 
design of efficient photocatalysts for sustainable and environment-friendly energy 
conversion applications. 
 
Chapter 5 describes two conjugated pyrazoline-based small molecules with different 
electron deficient groups, in which the dimethylamino group acts as an electron donor 
and phenyl (for TPP-1) or naphthalimide group (for TPP-2) acts as an electron 
acceptor. Their structures in solid state thin films were characterized by XRD and 
AFM measurements. TPP-1 with closer molecular packing fulfils non-volatile 
WORM binary memory behavior, while TPP-2 with looser molecular packing 
exhibits DRAM performance. Their different memory behaviors and switching 
thresholds can be mainly attributed to the stronger intermolecular π-π interactions in 
TPP-1 compared with TPP-2, which could facilitate the formation and maintaining of 
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the charge-separated states and the carrier transit pathways. Moreover, the CT 
processes in the small molecules under below- or above-threshold excitation have 
been monitored and studied using transient absorption spectroscopy and DFT 
simulation to clarify the charge transition mechanism. 
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Chapter 2 Plasmon-Enhanced Photocatalytic Properties of 
Cu2O Nanowire-Au Nanoparticle Assemblies 
 
2.1 Introduction 
Many semiconductors, such as TiO2, ZnO, CdS, ZnS, and Cu2O, can act as 
photo-catalysts to decompose organic pollutants in waste water.1-9 When these 
semiconductors are irradiated with light of photon energy higher or equal to their 
band gaps, electrons in the valance band can be promoted to the conduction band, 
generating the same amount of holes in the valence band.10-11 The photo-generated 
electrons and holes can be trapped, generally by the oxygen and surface hydroxyls, to 
ultimately produce hydroxyl radicals (·OH) that play key roles in photo-catalytic 
reactions.12 However, fast recombination of the photo-generated electrons and holes 
decreases the photo-catalytic efficiency, limiting the applications of semiconductors 
in photo-catalysts.13-14  
 
Recently semiconductor-noble metal nanocomposites (NCs) as photo-catalysts have 
been extensively studied.15-21 It is believed that in these semiconductor-metal NCs, 
photo-excited electrons in the conduction band can be transferred to the noble metals, 
which act as electron sinks, while the holes can remain on the semiconductor 
surface.22-23 The recombination of electrons and holes can therefore be prolonged and 
the photo-catalytic efficiency will be improved.11
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resonance of noble metal nanoparticles (NPs) is expected to enhance absorption of 
incident photons, which will enhance the photo-catalytic efficiency of the 
semiconductors.24  
 
Various techniques such as deposition using high-energy sources,25-26 ultrahigh 
vacuum sputter coating,27 and deposition precipitation,28 have been employed to 
prepare semiconductor-metal NCs. These techniques tend to produce nanoparticles 
with wide size distribution and non-uniform clusters. To overcome the difficulty of 
weak interactions between metal oxide and metal NPs, various efforts have been 
made to modify the surface of metal oxide with an intermediate layer such as 
surfactants,29-30 polymers,31-32 or amorphous Si-OH polymerizers.33 These 
modifications introduce new functional groups such as carboxylates, amines and 
thiols, which provide covalent linkages between metal oxide and metal NPs. In our 
current work, poly(o-anisidine)-capped Cu2O nanowires (NWs) provide strong 
hydrophobic host-guest interactions with oleylamine-capped Au NPs to form 
semiconductor-metal NCs. This convenient method overcomes the drawbacks of 
common strategies. It separates nucleation of free nanocrystals and allows good 
control over the size of Au NPs and the density of Au NPs on the surface of Cu2O 
NWs. The photo-catalytic activities of Cu2O-Au NCs were investigated by 
photo-degradation of methylene blue (MB) in solution. Cu2O-Au NCs were found to 
display significantly improved photo-catalytic activity over pure Cu2O NWs. The 
origin of the enhanced photo-catalytic activity has been investigated by steady-state 
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and time-resolved photoluminescence quenching studies to probe energy or electron 
transfer processes occurring at the Cu2O-Au interface.  
 
2.2 Experimental Section 
 
2.2.1 Preparation of Au NPs  
 
Au NPs of 3~5 nm in diameter were prepared by NaBH4 reduction of HAuCl4.34 
Briefly, 100 mg HAuCl4 and 2 mL of oleylamine were sequentially added into 50 mL 
of toluene in a round-bottom flask. The mixture was sonicated for 3 min until HAuCl4 
was totally dissolved. 10 mL of 10 mg mL-1 freshly prepared NaBH4 solution was 
quickly added into the mixture under vigorous stirring, which resulted in an 
immediate color change from light orange to dark red. The mixture was stirred for 
another 5 min to complete the reaction. The obtained final solution separated into two 
phases. The organic layer that contained NPs was separated from the aqueous layer 
and then filtered to remove any undissolved impurities. The NPs were purified by 
sequential evaporation of toluene solvent and washing with ethanol twice and 
chloroform once to remove the remaining uncapped oleylamine and other impurities. 
After being dried for ~10 min, the precipitate was then dispersed in chloroform for 
further use.  
 




The Cu2O NWs were prepared according to a previously reported method.35-36 In a 
typical synthesis, 0.2 g of copper (II) acetate was dissolved in 40 mL of de-ionized 
water, followed by addition of 80 µL of o-anisidine. The mixture was stirred for 5 
min to form an olive-green solution. The solution was transferred into a 50 mL 
teflon-lined stainless autoclave and maintained at 200°C for 10 h to yield Cu2O NWs, 
and then air-cooled to room temperature. During the reaction, o-anisidine 
polymerizes on the surface of Cu2O NWs to form a protective layer. The sediments 
were isolated by decanting the supernatant colloidal polymer solution, and then 
thoroughly washed with ethanol several times before drying at 60°C in an oven for 
subsequent characterizations.  
 
2.2.3 Preparation of Cu2O-Au NCs 
 
The Cu2O-Au NCs were prepared by mixing poly(o-anisidine) protected Cu2O NWs 
with oleylamine capped Au NPs in chloroform and leaving the ultrasonically 
dispersed mixture to stand overnight. Then the samples were centrifuged and 
re-dispersed in 2 mL of ethanol. The coverage density of Au NPs on Cu2O NWs was 
controlled by changing the relative ratio of Au NPs to Cu2O NWs. Samples with 
weight ratio of Au NPs/Cu2O NWs = 0.045:1, 0.073:1 and 0.119:1 were obtained. 
 




The crystal structures of the as-prepared Cu2O NWs and Cu2O-Au NCs were 
characterized by X-ray diffraction (XRD, Bruker-AXS, Cu Kα (1.542 Å) radiation). 
UV-Vis extinction spectra were measured by using a SHIMADZU UV-2550 
spectrophotometer. The photoluminescence measurements were performed using a 
457 nm CW diode laser. The fluorescence lifetimes were measured by using 
time-correlated singe photon counting (TCSPC, PicoHarp 300), with instrument 
response function of 150 ps. The excitation source was 400 nm femtosecond laser 
pulses, which were generated by frequency doubling of the 800 nm femtosecond 
pulses of a Ti:sapphire oscillator. A 500 nm long pass cut-off filter was used to block 
the scattering of the excitation light. Transmission electron microscopy (TEM) 
measurements were performed on Philips CM10 and Philips CM300 high resolution 
TEM microscopes. Scanning electron microscopy (SEM) images were obtained on a 
JEOL JSM-6701F field emission SEM microscope. Pictures of the samples were 
taken by using a Canon 500D DSLR camera. 
 
2.2.5 Photo-catalytic activity characterizations  
 
The photo-catalytic activity of the Cu2O-Au NCs was evaluated based on 
photo-degradation of MB. Thin films of Cu2O, Cu2O-Au(1), Cu2O-Au(2), and 
Cu2O-Au(3) were prepared by drop casting 1.0 mL of as-prepared solutions onto thin 
plastic substrates (1 cm×3.5 cm). The prepared film was attached onto the inner wall 
 of a 4 ml quartz cuvette (1cm×1cm×4cm) using 
mM MB solution was added to fully immerse the film. The four cuvettes filled with 
MB solutions under stirring (550 rpm) w
(power density ~ 0.09 W/cm
nm) to remove the UV components.
decrease of the absorption peak of MB (around 664 nm) by UV
were measured along the direction parallel to the film.
 
Scheme 2.1 Schematic diagram of coupling between Cu
 
2.3 Results and Discussion
 
2.3.1 Nanocomposite of Au NPs and Cu
 
Figures 2.1 and 2.2 show the TEM 
and Cu2O-Au(3) NCs. Cu
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 The degradation of MB was monitored by the 
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images of Cu2O NWs, Cu2O-Au(1) , 








to hundreds of micrometers. The spherical Au NPs have diameters of 3~5 nm. The 
coverage density of Au NPs on the Cu2O NWs was controlled by changing the 
relative ratio of Cu2O NWs to Au NPs. Samples with weight ratio of Au NPs/Cu2O 
NWs = 0.045:1, 0.073:1 and 0.119:1 (herein referred to Cu2O-Au(1), Cu2O-Au(2), 
and Cu2O-Au(3), respectively) were obtained. The successful coupling of different 
amount of Au NPs onto the surface of the Cu2O NWs can be clearly seen from the 
corresponding magnified images (Figures 2.1). As the coverage density increased, the 
Au NPs were found to form densely packed sheaths around the core of the Cu2O 
NWs. Most of the Au NPs remained coupled to the Cu2O NWs even after prolonged 
sonication of the nanocomposite solution. This result suggested that the coupling 
force between the Cu2O NWs and Au NPs is strong enough to keep Cu2O-Au NCs 
intact under physical disturbance. The higher magnification TEM images show that a 
monolayer of Au NPs has been successfully coupled onto the surface of the Cu2O 
NWs (Figure 2.2b, c). A careful look at the surface of the NCs reveals a layer that is a 
lighter tone than the core, which corresponds to poly(o-anisidine) coating the Cu2O 
NWs. The HRTEM image (Figure 2.2d) shows the lattice fringes of 0.21 nm and 0.20 






Figure 2.1 TEM images of (a) Cu2O NWs, (b) Cu2O-Au(1) NCs, (c) Cu2O-Au(2) 
NCs, and (d) Cu2O-Au(3) NCs. The bottom panels are the corresponding magnified 
TEM images of single nanowires. 
 
 
Figure 2.2 (a, b, c) TEM and (d) HRTEM images of Cu2O-Au(3) NCs.  
 
The compositions of the prepared samples were characterized by XRD. Figure 2.3 is 
a typical pattern of the as-prepared Cu2O-Au(3) sample and pure Cu2O NWs. The 
diffraction peaks of the Cu2O-Au(3) sample can be categorized into three sets. The 
diffraction peaks labeled with “#” can be readily indexed to cubic phase Cu2O 
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(JCPDS card No. 5-667), while the peaks marked with “*” can be indexed to cubic 
phase Au (JCPDS card No. 4-784). The peak labeled with “^” is contributed by the Si 
substrate. The relatively weak diffraction peaks of Au indicate the low content of Au 
compared with that of Cu2O. In addition, there is no obvious shift of all the 
diffraction peaks of the Cu2O in the Cu2O-Au NCs and Cu2O NWs, implying that Au 
NPs stayed on the surfaces of Cu2O and did not distort the lattice of Cu2O. 
 
 
Figure 2.3 XRD patterns of (a) Cu2O-Au(3) NCs and (b) Cu2O NWs.  
 
SEM elemental mapping is a useful technique for elemental analysis and structure 
identification. Figure 2.4 shows the SEM elemental mapping images of the 
Cu2O-Au(3) NCs. The distribution of Cu (Figure 2.4b) overlaps well with that of Au 
(Figure 2.4c) and resembles the bright-field image (Figure 2.4a), which confirms the 
effective binding of Au NPs on the Cu2O NWs, consistent with the TEM images.  
 











































Figure 2.4 (a) Bright-field SEM image of Cu2O-Au(3) NCs, (b) Elemental mapping 
of Cu in part a, (c) Elemental mapping of Au in part a. 
 
2.3.2 Coupling mechanism of Cu2O NWs with Au NPs 
Poly(o-anisidine) is known to be super-hydrophobic.37 When poly(o-anisidine) 
capped Cu2O NWs and oleylamine-capped Au NPs are mixed and dispersed in 
chloroform, their hydrophobic-hydrophobic interactions cause spontaneous formation 
of a Cu2O-Au composites. Previous studies on primary amine functionalized Au 
nanocrystals had shown that the amine/gold surface interaction is best described with 
a weak covalent bond and that the particle stability is predominantly kinetic, rather 
than thermodynamic.38 Hence, when the two components are mixed in an organic 
solvent, the oleylamine-capped Au NPs are immobilized onto the 
poly(o-anisidine)-capped Cu2O NWs so as to lower the surface energy via 
hydrophobic-hydrophobic interactions, as depicted in Scheme 2.1.  
 
2.3.3 UV-Vis extinction spectra of Cu2O-Au NCs with different Au coverage 
densities 
 
Figure 2.5 shows the UV-Vis absorption/extinction spectra of Cu2O NWs and 
Cu2O-Au NCs with different Au coverage densities. The absorption spectrum of as 
IMG1 2.0 µm Cu K 2.0 µm Au M 2.0 µm
(a)                                                  (b)        (c)
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prepared Cu2O NWs has a broad absorption in the visible range with a characteristic 
peak at ~396 nm, and two sub-peaks at 464 and 481 nm that may be attributed to free 
excitons.39 Cu2O has a large excitonic binding energy of 150 meV,40 thus it is likely to 
observe excitonic features in their absorption and luminescence spectra. The 
absorption spectrum of Cu2O NWs lacks a sharp excitonic peak because of the “direct 
forbidden gap” nature of Cu2O.41 The Au NPs feature a plasmon resonance at ~527 
nm.34 As the coverage density of Au NPs on Cu2O NWs increased, the extinction of 
the Cu2O-Au NCs near the plasmon resonance peak (~527nm) of Au NPs gradually 
increased from Cu2O to Cu2O-Au(1), and from Cu2O-Au(1) to Cu2O-Au (2), and then 
underwent broadening and intensity increase from Cu2O-Au(2) to Cu2O-Au(3). The 
observed broadening might be due to Plasmon coupling between Au NPs in the 
presence of high coverage density of Au NPs.42 It is also noted that the colors of the 
Cu2O-Au NC solutions turned from light yellow to brownish red as the coverage 






Figure 2.5 Normalized extinction spectra of Au NPs and Cu2O-Au NCs with 
different Au coverage densities. The inset pictures (a~d) show the color change from 
light yellow to brownish red for Cu2O, Cu2O-Au(1), Cu2O-Au(2) and Cu2O-Au(3) 
solutions. 
 
2.3.4 Steady-state and time-resolved emission spectra 
 
























Figure 2.6 (a) Steady state and (b) time resolved (535 nm) emission of Cu2O NWs 
and Cu2O-Au NCs with different Au coverage densities in ethanol solution. The 
steady state emission was measured under a laser excitation of 457 nm. The 
time-resolved emission was measured at 535 nm under excitation at 400 nm 
 
The steady-state emission spectra of Cu2O NWs with different coverage densities of 
Au NPs are shown in Figure 2.6a. The emission of Cu2O NWs was quenched by Au 
NPs, and the quenching factors (PL0/PL) for Cu2O-Au(1), Cu2O-Au(2), Cu2O-Au(3) 
are 1.9, 2.8 and 3.4, respectively. Such emission quenching can be ascribed to energy 
or charge transfer from Cu2O NWs to the attached Au NPs.43 We have also conducted 
time-resolved fluorescence lifetime measurement as shown in Figure 2.6b. The 
composite Cu2O-Au(1), Cu2O-Au(2) and Cu2O-Au(3) had shorter lifetime (1.79, 1.71 
and 1.64 ns, respectively) than the pure Cu2O (1.95 ns), which are consistent with the 
trend of their steady state emission signals. In principle, there are two possible 
































mechanisms that can explain the faster luminescence decay process observed in the 
Cu2O-Au NCs: the energy transfer from the excited Cu2O NWs to the Au NPs 
through the Förster-type dipole-dipole interactions44-46 and the electron transfer from 
the semiconductor domain to the metal domain.47 In the latter case, the charge 
separation causes spatially separated electron and holes, which prolongs electron-hole 
recombination and is beneficial for photo-catalysis.  
 
2.3.5 Photo-catalytic degradation of MB: effect of the coverage density of Au 
NPs 
 
Previous studies show that Cu2O can act as photo-catalyst to cause degradation of 
MB.48 The mechanism was proposed to be due to the formation of hydroxyl radical 
species (·OH) which resulted from the excited electrons being captured by the 
absorbed O2 and the corresponding holes being trapped by the surface hydroxyl.49-50 It 
was known that the final ·OH radicals are able to oxidize pollutants due to their high 
oxidative capacity (the reduction potential of ·OH is about 2.8 V).49 Here we compare 
the photo-catalytic efficiencies of Cu2O-Au NCs with different Au coverage densities 
with pure Cu2O NWs. Their photo-catalytic activity was evaluated by MB 
degradation under visible-light illumination. The MB degradation was monitored by 
the time-evolution of UV-Vis spectra of MB aqueous solutions. Figure 2.7 shows the 
change in concentration ratio (the ratio of the MB concentration to the original MB 
concentration) of MB solution as a function of illumination time. Using a simplified 
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Langmuir-Hinshelwood model, the degradation of dyes could be described as a 
pseudo-first-order reaction when C0 is very small: ln(C0/C) = kt, where k is the 
apparent first-order reaction rate constant.52-54 The reaction rate constant for the 
photo-degradation of MB were obtained to be 0.97×10-3, 2.22×10-3, 2.75×10-3, and 
2.37×10-3 min-1 in the presence of Cu2O, Cu2O-Au(1), Cu2O-Au(2), and Cu2O-Au(3), 
respectively. The corresponding normalized (by the mass of Cu2O) rate constant was 
found to be 1.32×10-4, 3.04×10-4, 3.77×10-4 and 3.25×10-4 min-1mg-1, respectively. 
The kinetic reaction constant k of MB photo-degradation in the presence of 
Cu2O-Au(1), Cu2O-Au(2), and Cu2O-Au(3) was found to be 2.30, 2.85 and 2.46 times 
that of the reaction in the presence of pure Cu2O NWs respectively. The rate constant 
increased first and then decreased with the increasing coverage density of Au NPs. 
The Cu2O-Au(2) sample displayed the highest photo-catalytic performance. Film 
roughness, thickness difference and light penetration will affect the photo-catalytic 
activity of the films. After taking consideration of these factors, the variation of the 
obtained rate constants are <10% and the overall trend clearly demonstrated enhanced 





Figure 2.7 The photo-degradation of MB in the presence of pure Cu2O NWs and 
Cu2O NWs attached with Au NPs with different coverage densities.  
 
 
Scheme 2.2 Schematic diagram of the proposed ·OH generation process on the 
surface of Cu2O-Au NCs. 
 
The enhanced photo-catalytic property of the Cu2O NWs can be ascribed to the 
surface plasmon resonance and the electron sink effect of Au NPs. It was believed 
that the photo-excited electrons in the conduction band of Cu2O NWs can transfer to 
Au NPs which act as electron sinks.22-23 The charge separation in turn prevent the 
recombination of electrons and holes (as shown in Scheme 2.2) and thus enhance the 
photo-catalytic activity of Cu2O NWs. At the same time, the absorption of 


































semiconductors could be enhanced by coupling with plasmonic metal nanostructures 
through a local field enhancement effect,51 leading to enhanced photo-catalytic 
property of the Cu2O NWs. The decreased photo-catalytic effect of Cu2O-Au(3) 
compared to Cu2O-Au(2) might be because the holes stored at Cu2O sites are less 





We have developed a facile strategy for coupling Au NPs onto the surface of Cu2O 
NWs. The presence of Au NPs enhanced the photo-degradation efficiency of Cu2O 
NCs. These Cu2O-Au NCs display tunable optical properties and their photo-catalytic 
properties were found to be dependent on the coverage density of Au NPs. The 
enhanced photo-catalytic efficiency was believed to be due to enhanced light 
absorption (by surface plasmon resonance) and electron sink effect of Au NPs. These 
studies help to understand charge generation and transfer processes in 
semiconductor-metal NCs. In addition, such single crystalline anisotropic Cu2O NWs 
coupled with Au NPs are very desirable building blocks for devices such as 
field-effect transistor applications, as a result of efficient transport of electrons and 







(1) Bao, N. Z.; Shen, L. M.; Takata, T.; Domen, K. Self-Templated Synthesis of 
Nanoporous CdS Nanostructures for Highly Efficient Photocatalytic Hydrogen 
Production Under Visible Light. Chem. Mater. 2008, 20, 110-117. 
(2) Hu, J. S.; Ren, L. L.; Guo, Y. G.; Liang, H. P.; Cao, A. M.; Wan, L. J.; Bai, C. L. 
Mass Production and High Photocatalytic Activity of ZnS Nanoporous Nanoparticles. 
Angew. Chem. Int. Ed. 2005, 44, 1269-1273. 
(3) Kang, Z. H.; Tsang, C. H. A.; Wong, N. B.; Zhang, Z. D.; Lee, S. T. Silicon 
Quantum Dots: A General Photocatalyst for Reduction, Decomposition, and Selective 
Oxidation Reactions. J. Am. Chem. Soc. 2007, 129, 12090-12091. 
(4) Kuo, C. H.; Chen, C. H.; Huang, M. H. Seed-Mediated Synthesis of 
Monodispersed Cu2O Nanocubes with Five Different Size Ranges from 40 to 420 nm. 
Adv. Funct. Mater. 2007, 17, 3773-3780. 
(5) Liu, S. W.; Yu, J. G.; Jaroniec, M. Tunable Photocatalytic Selectivity of Hollow 
TiO2 Microspheres Composed of Anatase Polyhedra with Exposed {001} Facets. J. 
Am. Chem. Soc. 2010, 132, 11914-11916. 
(6) McLaren, A.; Valdes-Solis, T.; Li, G. Q.; Tsang, S. C. Shape and Size Effects of 
ZnO Nanocrystals on Photocatalytic Activity. J. Am. Chem. Soc. 2009, 131, 
12540-12541. 
(7) Shao, M. W.; Cheng, L.; Zhang, X. H.; Ma, D. D. D.; Lee, S. T. Excellent 




(8) Wu, N. Q.; Wang, J.; Tafen, D.; Wang, H.; Zheng, J. G.; Lewis, J. P.; Liu, X. G.; 
Leonard, S. S.; Manivannan, A. Shape-Enhanced Photocatalytic Activity of 
Single-Crystalline Anatase TiO2 (101) Nanobelts. J. Am. Chem. Soc. 2010, 132, 
6679-6685. 
(9) Yang, J. L.; An, S. J.; Park, W. I.; Yi, G. C.; Choi, W. Photocatalysis Using ZnO 
Thin Films and Nanoneedles Grown by Metal-Organic Chemical Vapor Deposition. 
Adv. Mater. 2004, 16, 1661-1664. 
(10) Fox, M. A.; Dulay, M. T. Heterogeneous Photocatalysis. Chem. Rev. 1993, 93, 
341-357. 
(11) Wang, Z. H.; Zhao, S. P.; Zhu, S. Y.; Sun, Y. L.; Fang, M. Photocatalytic 
Synthesis of M/Cu2O (M = Ag, Au) Heterogeneous Nanocrystals and Their 
Photocatalytic Properties. CrystEngComm 2011, 13, 2262-2267. 
(12) Yatmaz, H. C.; Akyol, A.; Bayramoglu, M. Kinetics of the Photocatalytic 
Decolorization of An Azo Reactive Dye in Aqueous ZnO Suspensions. Ind. Eng. 
Chem. Res. 2004, 43, 6035-6039. 
(13) Dawson, A.; Kamat, P. V. Semiconductor-Metal Nanocomposites. Photoinduced 
Fusion and Photocatalysis of Gold-capped TiO2 (TiO2/Gold) Nanoparticles. J. Phys. 
Chem. B 2001, 105, 960-966. 
(14) Hotchandani, S.; Kamat, P. V. Charge-Transfer Processes in Coupled 
Semiconductor Systems. Photochemistry and Photoelectrochemistry of the Colloidal 
Cadmium Sulfide-Zinc Oxide System. J. Phys. Chem. 1992, 96, 6834-6839. 
 77 
 
(15) Georgekutty, R.; Seery, M. K.; Pillai, S. C. A Highly Efficient Ag-ZnO 
Photocatalyst: Synthesis, Properties, and Mechanism. J. Phys. Chem. C 2008, 112, 
13563-13570. 
(16) Paramasivalm, I.; Macak, J. M.; Schmuki, P. Photocatalytic Activity of 
TiO2-Nanotube Layers Loaded with Ag and Au Nanoparticles. Electrochem. 
Commun. 2008, 10, 71-75. 
(17) Wang, P.; Huang, B. B.; Qin, X. Y.; Zhang, X. Y.; Dai, Y.; Wei, J. Y.; Whangbo, 
M. H. Ag@AgCl: A Highly Efficient and Stable Photocatalyst Active Under Visible 
Light. Angew. Chem. Int. Ed. 2008, 47, 7931-7933. 
(18) Xiang, Q. J.; Yu, J. G.; Cheng, B.; Ong, H. C. Microwave-Hydrothermal 
Preparation and Visible-Light Photoactivity of Plasmonic Photocatalyst Ag-TiO2 
Nanocomposite Hollow Spheres. Chem. Asian. J. 2010, 5, 1466-1474. 
(19) Zheng, Y. H.; Chen, C. Q.; Zhan, Y. Y.; Lin, X. Y.; Zheng, Q.; Wei, K. M.; Zhu, 
J. F. Photocatalytic Activity of Ag/ZnO Heterostructure Nanocatalyst: Correlation 
Between Structure and Property. J. Phys. Chem. C 2008, 112, 10773-10777. 
(20) Zhang, L.; Blom, D. A.; Wang, H. Au-Cu2O Core-Shell Nanoparticles: A Hybrid 
Metal-Semiconductor Heteronanostructure with Geometrically Tunable Optical 
Properties. Chem. Mater. 2011, 23, 4587-4598. 
(21) Zhang, L.; Jing, H., Boisvert, G.; He, J. Z.; Wang, H. Geometry Control and 
Optical Tunability of Metal Cuprous Oxide Core-Shell Nanoparticles. ACS Nano 
2012, 6, 3514-3527. 
(22) Hoffmann, M. R.; Martin, S. T.; Choi, W. Y.; Bahnemann, D. W. Environmental 
 78 
 
Applications of Semiconductor Photocatalysis. Chem. Rev. 1995, 95, 69-96. 
(23) Li, X. Z.; Li, F. B. Study of Au/Au3+-TiO2 Photocatalysts Toward Visible 
Photooxidation for Water and Wastewater Treatment. Environ. Sci. Technol. 2001, 35, 
2381-2387. 
(24) Schaadt, D. M.; Feng, B.; Yu, E. T. Enhanced Semiconductor Optical 
Absorption via Surface Plasmon Excitation in Metal Nanoparticles. Appl. Phys. Lett. 
2005, 86, 063106. 
(25) Jiang, X. C.; Yu, A. B. Synthesis of Pd/α-Fe2O3 nanocomposites for catalytic CO 
oxidation. J. Mater. Process. Tech. 2009, 209, 4558-4562. 
(26) Seino, S.; Kinoshita, T.; Otome, Y.; Maki, T.; Nakagawa, T.; Okitsu, K.; 
Mizukoshi, Y.; Nakayama, T.; Sekino, T.; Niihara, K.; Yamamoto, T. A. γ-ray 
Synthesis of Composite Nanoparticles of Noble Metals and Magnetic Iron Oxides. 
Scr. Mater. 2004, 51, 467-472. 
(27) Deng, S.; Fan, H. M.; Zhang, X.; Loh, K. P.; Cheng, C. L.; Sow, C. H.; Foo, Y. 
L. An Effective Surface-Enhanced Raman Scattering Template Based on A Ag 
Nanocluster-ZnO Nanowire Array. Nanotechnology 2009, 20, 175705. 
(28) Liu, X. H.; Zhang, J.; Guo, X. Z.; Wu, S. H.; Wang, S. R. Porous alpha-Fe2O3 
decorated by Au nanoparticles and their enhanced sensor performance. 
Nanotechnology 2010, 21, 095501. 
(29) Park, H. Y.; Schadt, M. J.; Wang, L.; Lim, I. I. S.; Njoki, P. N.; Kim, S. H.; Jang, 
M. Y.; Luo, J.; Zhong, C. J. Fabrication of Magnetic Core@Shell Fe Oxide@Au 




(30) Wang, L. Y.; Park, H. Y.; Lim, S. I. I.; Schadt, M. J.; Mott, D.; Luo, J.; Wang, 
X.; Zhong, C. J. Core@Shell Nanomaterials: Gold-Coated Magnetic Oxide 
Nanoparticles. J. Mater. Chem. 2008, 18, 2629-2635. 
(31) Spuch-Calvar, M.; Perez-Juste, J.; Liz-Marzan, L. M. Hematite Spindles with 
Optical Functionalities: Growth of Gold Nanoshells and Assembly of Gold Nanorods. 
J. Colloid. Interf. Sci. 2007, 310, 297-301. 
(32) Zhang, J.; Liu, X. H.; Wang, L. W.; Yang, T. L.; Guo, X. Z.; Wu, S. H.; Wang, S. 
R.; Zhang, S. M. Au-Functionalized Hematite Hybrid Nanospindles: General 
Synthesis, Gas Sensing and Catalytic Properties. J. Phys. Chem. C 2011, 115, 
5352-5357. 
(33) Caruntu, D.; Cushing, B. L.; Caruntu, G.; O'Connor, C. J. Attachment of Gold 
Nanograins onto Colloidal Magnetite Nanocrystals. Chem. Mater. 2005, 17, 
3398-3402. 
(34) Polavarapu, L.; Manga, K. K.; Yu, K.; Ang, P. K.; Cao, H. D.; Balapanuru, J.; 
Loh, K. P.; Xu, Q. H. Alkylamine Capped Metal Nanoparticle "Inks" for Printable 
SERS Substrates, Electronics and Broadband Photodetectors. Nanoscale 2011, 3, 
2268-2274. 
(35) Tan, Y. W.; Xue, X. Y.; Peng, Q.; Zhao, H.; Wang, T. H.; Li, Y. D. Controllable 
Fabrication and Electrical Performance of Single Crystalline Cu2O Nanowires with 
High Aspect Ratios. Nano Lett. 2007, 7, 3723-3728. 
(36) Deng, S.; Tjoa, V.; Fan, H. M.; Tan, H. R.; Sayle, D. C.; Olivo, M.; Mhaisalkar, 
 80 
 
S.; Wei, J.; Sow, C. H. Reduced Graphene Oxide Conjugated Cu2O Nanowire 
Mesocrystals for High-Performance NO2 Gas Sensor. J. Am. Chem. Soc. 2012, 134, 
4905-4917. 
(37) Zhu, Y.; Li, J. M.; Wan, M. X.; Jiang, L. 3D-boxlike Polyaniline Microstructures 
with Super-Hydrophobic and High-Crystalline Properties. Polymer 2008, 49, 
3419-3423. 
(38) Leff, D. V.; Brandt, L.; Heath, J. R. Synthesis and Characterization of 
Hydrophobic, Organically-Soluble Gold Nanocrystals Functionalized with Primary 
Amines. Langmuir 1996, 12, 4723-4730. 
(39) Sun, C. K.; Sun, S. Z.; Lin, K. H.; Zhang, K. Y. J.; Liu, H. L.; Liu, S. C.; Wu, J. 
J. Ultrafast Carrier Dynamics in ZnO Nanorods. Appl. Phys. Lett. 2005, 87, 023106. 
(40) Hiraga, H.; Makino, T.; Fukumura, T.; Weng, H. M.; Kawasaki, M. Electronic 
Structure of the Delafossite-Type CuMO2 (M = Sc, Cr, Mn, Fe, and Co): Optical 
Absorption Measurements and First-Principles Calculations. Phys. Rev. B 2011, 84, 
041411. 
(41) Hong, X.; Wang, G. Z.; Zhu, W.; Shen, X. S.; Wang, Y. Synthesis of Sub-10 nm 
Cu2O Nanowires by Poly(vinyl pyrrolidone)-Assisted Electrodeposition. J. Phys. 
Chem. C 2009, 113, 14172-14175. 
(42) Polavarapu, L.; Xu, Q. H. Water-Soluble Conjugated Polymer-Induced 
Self-Assembly of Gold Nanoparticles and its Application to SERS. Langmuir 2008, 
24, 10608-10611. 
(43) Mokari, T.; Rothenberg, E.; Popov, I.; Costi, R.; Banin, U. Selective Growth of 
 81 
 
Metal Tips onto Semiconductor Guantum Rods and Tetrapods. Science 2004, 304, 
1787-1790. 
(44) Govorov, A. O.; Lee, J.; Kotov, N. A. Theory of Plasmon-Enhanced Forster 
Energy Transfer in Optically Excited Semiconductor and Metal Nanoparticles. Phys. 
Rev. B 2007, 76, 125308. 
(45) Haldar, K. K.; Sen, T.; Patra, A. Metal Conjugated Semiconductor Hybrid 
Nanoparticle-Based Fluorescence Resonance Energy Transfer. J. Phys. Chem. C 2010, 
114, 4869-4874. 
(46) Hosoki, K.; Tayagaki, T.; Yamamoto, S.; Matsuda, K.; Kanemitsu, Y. Direct and 
Stepwise Energy Transfer from Excitons to Plasmons in Close-packed Metal and 
Semiconductor Nanoparticle Monolayer Films. Phys. Rev. Lett. 2008, 100, 207404. 
(47) Ito, Y.; Matsuda, K.; Kanemitsu, Y. Mechanism of Photoluminescence 
Enhancement in Single Semiconductor Nanocrystals on Metal Surfaces. Phys. Rev. B 
2007, 75, 033309. 
(48) Mahmoud, M. A.; Qian, W.; El-Sayed, M. A. Following Charge Separation on 
the Nanoscale in Cu2O-Au Nanoframe Hollow Nanoparticles. Nano Lett. 2011, 11, 
3285-3289. 
(49) Lu, W. W.; Gao, S. Y.; Wang, J. J. One-Pot Synthesis of Ag/ZnO 
Self-Assembled 3D Hollow Microspheres with Enhanced Photocatalytic Performance. 
J. Phys. Chem. C 2008, 112, 16792-16800. 
(50) Chhor, K.; Bocquet, J. F.; Colbeau-Justin, C. Comparative Studies of Phenol and 
Salicylic Acid Photocatalytic Degradation: Influence of Adsorbed Oxygen. Mater. 
 82 
 
Chem. Phys. 2004, 86, 123-131. 
(51) Qu, Y. Q.; Cheng, R.; Su, Q.; Duan, X. F. Plasmonic Enhancements of 
Photocatalytic Activity of Pt/n-Si/Ag Photodiodes Using Au/Ag Core/Shell Nanorods. 
J. Am. Chem. Soc. 2011, 133, 16730-16733. 
(52) Peng, C.; Jiang, B. W.; Liu, Q.; Guo, Z.; Xu, Z. J.; Huang, Q.; Xu, H. J.; Tai, R. 
Z.; Fan, C. H. Graphene-Templated Formation of Two-dimensional Lepidocrocite 
Nanostructures for High-efficiency Catalytic Degradation of Phenols. Energy Environ. 
Sci. 2011, 4, 2035-2040. 
(53) Zuo, X. L.; Peng, C.; Huang, Q.; Song, S. P.; Wang, L. H.; Li, D.; Fan, C. H. 
Design of a Carbon Nanotube/Magnetic Nanoparticle-Based Peroxidase-Like 
Nanocomplex and Its Application for Highly Efficient Catalytic Oxidation of Phenols. 
Nano Res. 2009, 2, 617-623. 
(54) Zhang, N.; Liu, S. Q.; Fu, X. Z.; Xu, Y. J. Synthesis of M@TiO2 (M = Au, Pd, Pt) 








Chapter 3 Persistent Photoconductivity and Decay Studies in 
Cu2O Nanowires Thin Films with the Effects of Noble Metal 




In the recent years, one-dimensional nanostructures such as semiconductor nanowires 
(NWs) have become a hot research field due to their small diameters (≤ 100 nm) that 
result in surface effect and quantum confinement.1 These unique properties can 
influence the optical and electrical properties which are important for their potential 
optoelectronic applications.2-7 Various one-dimensional semiconductors including 
ZnO,3, 8-11 SnO2,12-13 CdS,14-16 GaN,17-19 and Cu2O20-21 have been studied and used for 
the fabrication of photodetectors. Cu2O, as a p-type semiconductor with a direct 
forbidden bandgap of 2.17eV, received particular attention owing to its large 
excitonic binding energy of about 140 meV. The nanoscale crystalline Cu2O could be 
expected to have increased concentration of excitons due to the spatial confinement 
and the large excitonic binding energy offers the possibilities to observe excitonic 
features in the absorption and luminescence spectra, which has been reported in our 
previous work.22-25 Cu2O NWs, as the smallest dimension nanostructures for the 
efficient electron transport, could be applied to electronic nanodevices. The coherent 
propagation of excitons along the crystalline samples of Cu2O make it a promising 
platform for the conversion between solar energy and electrical or chemical energy. 
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Thus, Cu2O NWs may be utilized in potential photovoltaic applications.26-27 
 
However, compared with other commercial semiconductor materials, Cu2O NW has 
its own disadvantages because of the decreased photocatalytic and photovoltaic 
properties caused by the fast recombination of photoexcited electron-hole pairs. 
Therefore, many attempts have been made to prevent these charge recombination 
processes by coupling the semiconductors with electron scavengers such as noble 
metals, metal oxides and carbon materials.28-31 Among them, semiconductor-noble 
metal nanocomposites (NCs) could be one of the most promising hybrid materials 
which have been extensively investigated. Upon the conjugation, the metal parts 
could efficiently reduce the electron-hole recombination by trapping the 
photogenerated electrons in the semiconductors.32-36 
 
In this letter, Cu2O NWs and Cu2O-Au NCs conveniently prepared by hydrophobic 
host-guest interactions between poly(o-anisidine)-capped Cu2O NWs and 
oleylamine-capped Au nanoparticles (NPs),25 have been made into thin films. The 
photoconductive properties of the Cu2O NW and Cu2O-Au NC thin films were 
studied in a coplanar geometry under visible light irradiation and exhibited thermally 
activated behaviors. Compared with pure Cu2O NWs, the Cu2O-Au NCs showed 
enhanced photosensitivity and persistent photoconductivity (PPC) at room 
temperature and above, which have been mainly attributed to the electron transfer 
from the Cu2O NWs to the Au NPs. Moreover, the decay rate of the 
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photoconductivity decreased with coupling of Au NPs or increasing the ambient 
temperature, which would also make contribution to the enhancement of the PPC. 
 
3.2 Experimental Section 
 
Cu2O NWs and Cu2O-Au NCs are prepared according to the methods reported 
elsewhere.25 As-prepared Cu2O NWs and Cu2O-Au NCs were characterized by x-ray 
diffraction (XRD) (Bruker-AXS), scanning electron spectroscopy (SEM) (JEOL 
JSM-6701F), transmission electron microscopy (TEM) (Philips CM10) and UV-vis 





Figure 3.1 (a) Two-contact devices used in this work for photoconductivity 
















Thin films of Cu2O NWs and Cu2O-Au NCs were prepared by drop casting sample 
solutions (solvent: ethanol) onto glass substrates coated with Au electrodes as shown 
in Figure 3.1. For the preparation of thin films, Cu2O NWs (0.13 mg) and Cu2O-Au 
NCs (0.13 mg + 0.009 mg) were dissolved in 0.5 mL ethanol to form well-dispersed 
solutions. The glass substrates were cleaned by ultra-sonication in double-distilled 
water and acetone, and then dried under N2 flow before Au electrode deposition. The 
comb pattern Au electrodes were fabricated by thermal evaporation (BOC Edwards 
Auto 500 System) with the thickness of 100 nm and the electrode gap was about 300 
µm. 6 µL of the sample solution was dropped each time to form uniform thin film 
through layer-by-layer deposition. The samples were confined into a rectangular area 
(8 mm×9 mm) by rubber tape on the Au electrode substrate as shown in the Figure 
3.1a. Average thickness of the sample films is around 4.2 µm according to the 
cross-sectional SEM images (Figure 3.4b). Silver paste was used to connect the Au 
electrodes with the outer circuit.  
 
Photocurrents of these devices were measured by SourceMeter (KEITHLEY 2401), 
under irradiation of visible light from a 300W xenon lamp equipped with UV filter 
(cutoff wavelength length of ~ 400 nm). A mini incubator (Labnet) was used to 
control the ambient temperature. For the excitation wavelength dependent 
photoconductivity measurement, a monochromator (Acton Spectra Pro 2150i) was 




The time-resolved pump-probe experiments were performed by using a Ti:sapphire 
oscillator (Spectra Physics) seeded regenerative amplifier laser system. The amplifier 
laser system gives an output femtosecond pulse with energy of 2 mJ at 800 nm and a 
repetition rate of 1 kHz. A larger portion of the 800 nm beam passed through a BBO 
crystal to generate the 400 nm pump beam by second harmonic generation. A small 
portion of the 800 nm beam passed through a sapphire crystal to generate a white 
light continuum as the probe beam. The pump beam was focused onto the sample 
with a beam size of ~ 300 µm in diameter and overlapped with the smaller probe 
beam (~ 100 µm in diameter). The time delay between the pump and probe pulses 
was controlled by a translation stage (Newport, ESP 300). All the aqueous samples 
were contained in a 1 mm path length cuvette with same extinction intensity at pump 
wavelength. During the measurements, the pump and probe power intensities were 
kept same and low to minimize the photodamage to the samples.37 
 
 
Figure 3.2 XRD patterns of (a) Cu2O-Au and (b) Cu2O thin films. 









































3.3 Results and Discussion 
 
3.3.1 Structural characterization 
 
The compositions of the prepared samples were characterized by XRD. Figure 3.2 is 
a typical pattern of the Cu2O-Au NCs and Cu2O NWs. The diffraction peaks of the 
Cu2O-Au sample could be categorized into three sets. The diffraction peaks labeled 
with “#” could be indexed to cubic phase Cu2O, while the peaks marked with “*” 
could be indexed to cubic phase Au. The peak labeled with “^” was contributed by 
the Si substrate. The relatively weak diffraction peaks of Au indicate the much lower 
content of Au compared with that of Cu2O. Sharp peaks of Cu2O indicate that the 
Cu2O NWs have high crystallinity. In addition, there is no obvious shift of all the 
diffraction peaks of Cu2O in the Cu2O-Au NCs and Cu2O NWs, implying that Au 
NPs stayed on the surfaces of Cu2O and did not distort the lattice of Cu2O.(26) 
 
 








Figure 3.4 SEM images of Cu2O NWs film. (a) Surface and (b) cross-section images. 
 
Figure 3.3 shows the TEM images of Cu2O NW and Cu2O-Au NC. Typical length 
and diameter of the Cu2O NWs varies from tens to hundreds of micrometers and 
80-100 nm, respectively. The spherical Au NPs have diameters of 3-5 nm. It can be 
clearly seen that the Au NPs are densely coupled onto the Cu2O NWs. Most of the Au 
NPs remained coupled to the Cu2O NWs even after prolonged sonication of the 
nanocomposite solution which suggested that the coupling force between the Cu2O 
NWs and Au NPs is strong enough to keep the Cu2O-Au NCs intact under physical 
disturbance. 
 
The SEM images of the Cu2O NWs thin film are given as Figure 3.4a, from which we 
can see that Cu2O NWs densely packed on the substrates to form the clean and 
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smooth porous-like thin films. The average thickness of the thin films was measured 
to be ~ 4.2 µm. Nearly no abrupt roughness was observed through-out the films. The 
Cu2O-Au NCs thin films show similar surface morphology with almost same film 
thickness as the Cu2O NWs. 
 
3.3.2 Effect of noble metal coupling 
 
I-V characteristics for the Cu2O NWs and Cu2O-Au NCs in the dark and under visible 
light irradiation are shown in Figure 3.5a. Linear I-V curves were observed for both 
cases, indicating the ohmic nature of the Cu2O/Au contact. For a p-type Cu2O 
semiconductor, the ohmic contact is due to larger work function of Au than that of 
Cu2O.38 The near-perfect symmetric characteristics under forward and reverse bias 
also indicate that the two Cu2O/Au contacts are identical. The dark current density of 
Cu2O NWs sample is 1.1 µA/cm2, while the photocurrent density is 2.4 µA/cm2 at a 
biased voltage of 5 V. For the Cu2O-Au NCs, the dark current density and 
photocurrent density are 6.6 µA/cm2 and 14.9 µA/cm2, respectively. The increased 
dark current may be caused by the covering of metal nanostructures. After the 
covering of Au NPs, the density of surface states in Cu2O NWs could be reduced, 
which accordingly decreases the barrier height of the built-in potential. Therefore, the 






Figure 3.5 (a) I-V characteristics of Cu2O NWs and Cu2O-Au NCs in the dark and 
under visible light irradiation with density of 85 mW/cm2 (measured in 100 s from 
light-on). (b) Time response of Cu2O NWs and Cu2O-Au NCs to the same incident 
light. The bias voltage is 5 V. All the experiments were performed at room 
temperature (~ 295 K). 
 
Figure 3.5b shows the typical photocurrent (calculated as In = Iphoto - Idark, Iphoto is 
measured in 100 s from light-on) versus time response curves for Cu2O NWs and 
Cu2O-Au NCs with three on-off circles of intermittent visible light irradiation. It is 
clear from the results that the photocurrents rose with time after light-on. After 
switching off the light, the current did not fall to dark value instantaneously but went 
through a fast decay process followed by a slow one. Moreover, It was found that the 
maximum photocurrent of the Cu2O-Au NCs was enhanced by about 6.8 times, 
compared with pure Cu2O NWs. There are two possible reasons: surface plasmon 
resonance of Au NPs and the electron transfer from the semiconductor domain to the 
metal domain. The surface plasmon resonance of noble metal is expected to enhance 
the absorption of incident photons, which could enhance the photoconductive 
properties of the semiconductors.40 From the UV-visible absorption spectra (Figure 
3.6), it can be seen that the absorption of the Cu2O-Au NCs near the plasmon 
resonance peak (~ 530 nm) of Au NPs slightly increased and broadened. However, 












































we assume that the enhanced photocurrent is mainly attributed to the electron transfer 
instead of the slight increase of light absorption.  
 
 




Figure 3.7 Transient absorption spectra of (a) Cu2O and (b) Cu2O-Au, and (c) 
normalized transient bleach intensity as a function of delay time for pump wavelength 
at 400 nm and probe at 485 nm. 
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To clarify the enhancement mechanism of PPC in Cu2O-Au NCs, a femtosecond 
pump-probe technique was employed to study the charge carrier dynamics. The 
electron transfer between Cu2O NWs and Au NPs was detected by monitoring the 
transient bleach decay at 485 nm following 400 nm excitation (Figure 3.7). Bandgap 
excitation of Cu2O NWs using visible laser pulse causes charge separation followed 
by electron hole recombination and electron transfer to the Au NPs. The relaxation of 
the excitation of Cu2O has been fitted to a single exponential decay and the lifetime 
was found to be 1.7 and 2.4 ps for Cu2O-Au NCs and Cu2O NWs, respectively. The 
faster decay in the Cu2O-Au NCs indicates that the charge recombination process is 
effectively suppressed, which has been attributed to the photogenerated electron 
transfer from the semiconductor to the metal part.41 Thus, more efficient separation of 
photogenerated electron-hole pairs can be achieved at their interfaces, resulting in the 
enhanced photoconductivity. In addition, the electrons in the Au NPs could further 
transfer to the neighboring particles under the electric field to contribute to the 
photocurrent. 
 
From the wavelength response analysis (Figure 3.8a) we know that our samples are 
sensitive to the wavelength shorter than ~ 571 nm (~ 2.17 eV, bandgap of Cu2O). It is 
worth to notice that the enhancement factor does not show dependence on the surface 
plasmon resonance of the Au NPs (Figure 3.8b). Therefore, we can conclude that the 
dominant mechanism of photoconductivity enhancement in the Cu2O-Au NCs is the 
electron transfer from the Cu2O NWs to the Au NPs rather than the surface plasmon 
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resonance of the Au NPs. 
 
 
Figure 3.8 (a) Photoresponsivity of Cu2O NWs and Cu2O-Au NCs. (b) Enhancement 
factor (calculated by dividing photoresponsivity of Cu2O-Au NCs by that of Cu2O 
NWs) versus wavelength. 
 
In addition, as we have observed, the decay of the persistent photocurrents in Cu2O 
NWs and Cu2O-Au NCs seems to involve two processes, fast process in the 
beginning followed by a slow one that keeps for a long time. Actually, the slow rise 
and decay of the photocurrents are not uncommon for semiconductors and other 
disordered materials including polycrystalline CdS,42 SnO2 nanobelts,1 AlGaAs,43 
a-InSe alloys,44 ZnO nanorods11 and porous silicon.45 This phenomenon has been 
ascribed to the presence of traps in the energy band gap as well as the local potential 
fluctuation caused by band bending and potential barrier, which control the charge 
trapping and recombination processes.14, 46-47 In our case, the photocurrent decay In 
has been fitted to a bi-exponential (Figure 3.9):  
                      In(t)=I1exp(-t/τfast)+I2exp(-t/τslow)                 (3.1) 
where I1, I2 are the pre-exponential factors and τfast, τslow are the time constants for the 
fast and slow components of the photocurrent decay. The observation of the 



















































photocurrent decay with two time constants is consistent with a β-type 
photoconductivity system, in which the faster time constant is related to the 
recombination of free (untrapped) photocarriers and the slower one is related to 
photocarrier untrapping.48-49 The fitting results shown in Table 3.1 demonstrate that 
the fast decay is about 4 times faster than the slow counterpart for both Cu2O NWs 
and Cu2O-Au NCs.  
 
 
Figure 3.9 Normalized photocurrent versus time for Cu2O NWs and Cu2O-Au NCs. 
 
Table 3.1 PPC and its decay time constants for the Cu2O NWs and Cu2O-Au NCs 
 Idark (µA) Iphoto (µA) In (µA) τfast (s) τslow (s) 
Cu2O 0.79 1.73 0.94 3.8 15.2 
Cu2O-Au 4.75 10.77 6.02 6.3 25.6 
 
Furthermore, after covering of metals, the surface states of the semiconductors should 
be reduced and the decay rate of the photocurrents should increase.39 However, from 
the results we found that the decay processes in Cu2O NWs became much slower 



























after coupling with Au NPs, which suggests that there must be another reason 
responsible for the prolonged PPC. Actually, in previous charge carrier dynamics 
study, we have proved the process of electron transfer from the Cu2O NWs to the Au 
NPs. Actually, this process could induce some interface states that act as the traps of 
carriers to increase their lifetimes, in turn causing prolonged PPC. As it is known, the 
photoconductive gain (g) could be expressed as50: 
                              g=τµV/l2                            (3.2) 
where τ is the lifetime of photoexcited carrier, l is the distance between two 
electrodes, V is the applied bias voltage, and µ is the carrier mobility. The 
photoresponsivity (R) could be estimated from the equation as50: 
                             R=qληg/hc                           (3.3) 
where λ is the excitation wavelength, h is Planck’s constant, c is the light velocity, q 
is electron charge, and η is quantum efficiency. According to the equations (3.2) and 
(3.3), it is derived that longer lifetime of photoexcited carriers can lead to larger 
photoconductive gain and in turn bring about larger photoresponsivity. These results 
are in good agreement with the enhanced PPC in Cu2O-Au NCs compared with pure 
Cu2O NWs. 
 





Figure 3.10 Time response of (a) Cu2O NWs and (b) Cu2O-Au NCs to the same 
incident light (85 mW/cm2) at 295, 313 and 333K. The bias voltage is 5 V. 
 
 
Figure 3.11 Optical excitation power dependent In of (a) Cu2O NWs and (b) 
Cu2O-Au NCs at different ambient temperatures. 
 
Figure 3.10 shows the photocurrent In versus time response curves for Cu2O NWs and 
Cu2O-Au NCs at different ambient temperatures. The photocurrents (in 100 s from 
light-on) vary from 0.94 µA at 295 K to 1.91 µA at 333 K for Cu2O NWs, and vary 
from 6.02 µA at 295 K to 14.58 µA at 333 K for Cu2O-Au NCs. Such increase of 
photocurrent may be due to the process in which trapped electrons or holes are being 
thermally freed from traps to the conduction band or to the valence band.1 The values 
of In for the sample thin films at various temperatures have been summarized in Table 
3.2. The optical excitation power (Poptical) dependence of the photocurrent has often 
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been observed to conform to the equation51-52: 
                                In ∝ Popticalγ                        (3.4) 
where 0.5 < γ < 1.0. For Cu2O NWs and Cu2O-Au NCs, the measured optical power 
dependences of the photocurrents also adhere to equation (3.4) with γ increasing 
monotonically with increasing ambient temperature (Figure 3.11). The γ values of 
Cu2O NWs and Cu2O NWs change from 0.51 to 0.66 and 0.56 to 0.79, respectively, 
as illustrated in Table 3.2. Within this model, a γ value of 1.0 is obtained for a 
energy-independent and uniform density of trap states that are filled below Fermi 
level EF and empty above it.51-52 The Cu2O NWs achieved enlarged γ by coupling of 
Au NPs. 
 
Table 3.2 Decay time constants for the Cu2O NWs and Cu2O-Au NCs at different 
ambient temperatures. The exponent γ for intensity dependence of photocurrent is 
also provided. 
















295 0.94 3.8 15.2 0.51 6.02 6.3 25.6 0.56 
313 1.25 8.9 49.6 0.62 10.31 8.2 46.9 0.71 
333 1.91 9.1 58.9 0.66 14.58 9.5 52.9 0.79 
 
From the Table 3.2, we can see that the decay time of the photocurrent for both Cu2O 
NWs and Cu2O-Au NCs increase with the increase of ambient temperature. It is 
believed that the relaxation times are thermally activated and decrease with increase 
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in temperature, if the deep lying traps are responsible for the PPC.14 Therefore, in our 
case, the local potential fluctuation but not deep traps may play an more important 





In summary, we have investigated the photoconductive properties of Cu2O NWs and 
Cu2O-Au NCs by measuring their visible light excited PPC at different ambient 
temperatures. By coupling of Au NPs, the photoconductivity of Cu2O NWs is 
enhanced by 6.8 times mainly thought the electron transfer from the conduction band 
of Cu2O to the Au, which has been proved by the charge carrier dynamics study. 
Meanwhile, with increasing the ambient temperature, the trapped electrons or holes 
can be thermally freed from the traps to the conduction band or to the valence band, 
which can also lead to the enhanced photoconductivity in the Cu2O NWs. In addition, 
we have studied the time-resolved photoconductivities of our samples. From the 
results, we found that the photocarrier relaxation dynamics consists of a fast decay 
process follow by a slower one, which is attributed to the presence of traps in the 
energy band gap as well as the local potential fluctuation. The coupling of Au NPs on 
the Cu2O NWs can prolong the PPC by electron transfer and further contribute to the 
PPC enhancement. Our work suggests that the rational integration of Cu2O NWs and 
Au NPs is a viable approach to enhancing the photoconductive properties of Cu2O, 
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Chapter 4 Noble Metal Enhanced Photocatalytic Water 
Splitting in Au@Ag@TiO2 Nanocomposites under UV Light 




Photocatalysis utilizing nanoparticles (NPs) has received great interest in the past 
several decades because of their potential applications in hydrogen generation, solar 
energy conversion and water purification.1-9 The main impetus toward fabricating 
nanoscale materials lies in the possibilities of achieving unique properties and 
superior performance due to the inherent nanoarchitectures.10 Since the first report on 
the photoelectrochemical splitting of water on TiO2 electrode, the photocatalytic 
water splitting based on semiconductors has become a promising clean and low cost 
way of producing hydrogen and oxygen by using solar energy.11-15 Compared with 
other semiconductor photocatalysts, TiO2 has been widely used due to its chemical 
and biological compatibility, easy availability, low cost, and good stability against 
chemical and photo corrosion.16-25 However, the high electron-hole recombination 
rate has been limiting its application in water splitting. To resolve the problem, 
various methods have been employed to enhance the photocatalytic property of TiO2, 
including doping of ions, deposition of noble metals, and surface dye sensitization.16, 
26
 Noble metals, including Pd Ag, Pt, Rh and Au, have been studied and reported to 
be effective in enhancing the photocatalysis of TiO2.27-32 As the Fermi level of the 
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noble metal is usually lower than that of TiO2 NPs, photoexcited electrons can 
transfer from conduction band of TiO2 to the metal part, while the photogenerated 
holes remain in the valence band of the TiO2. These processes can greatly reduce the 
probability of electron-hole recombination by the formation of Schottky barriers at 
the metal-semiconductor interfaces, resulting in more efficient photocatalytic 
reactions.33 
 
In the context of heterostructures, many different metal-metal oxide systems have 
been developed.34-37 In most cases, the metal NPs are usually simply coupled as 
isolated islands onto the surfaces of metal oxide to form limited interfaces. However, 
spatial confinement of noble metal NPs within metal oxide matrix has been 
uncommonly studied. The confinement of the metal NP cores with the protects of 
metal oxide shells isolates the NPs from coalescence and leaching during 
photocatalytic reactions. In addition, the core-shell structures provide strong 
interactions between the cores and the shells that may boost the photocatalytic 
activities. Moreover, metal oxide shells could effectively limit the exposure of metal 
to the reactants and surrounding medium, and in turn prevent the corrosion and 
dissolution of the noble metal particles such as Ag and Au.38-40 
 
In our work, Au@Ag@TiO2 core-shell nanocomposites (NCs) were studied. 
Compared with pure TiO2, Au@Ag@TiO2 NCs show enhanced photocatalytic 
properties in water splitting activities. Based on the enhancement phenomenon, we 
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carry out photocurrent measurements and ultrafast dynamics study on the 
Au@Ag@TiO2 NCs and pure TiO2 to elucidate the influence of the noble metal cores 
on the photocatalytic properties of the outer TiO2 shells (Scheme 4.1). Electron 
transfer from the metal oxide shells to the noble metal cores plays an important role 
in the enhancement process. A better understanding of the electron transfer process is 




Scheme 4.1 Schematic representation for the mechanism of photocatalytic water 
splitting upon UV light irradiation. 
 
4.2 Experimental Section 
 
4.2.1 Preparation of Au nanorods (NRs), Au@Ag NRs, and Au@Ag@TiO2 NCs 
 
Au NRs were prepared by using a seed-mediated growth method.41-42 240 µL of 0.01 
M HAuCl4 was added and dissolved into 10 mL of 0.1M CTAB solution, followed by 
quick adding of 0.6 mL of freshly prepared ice-cold 0.01 M NaBH4 solution. The 















temperature for more than 2 h before used as the seed solution. For the seed-mediated 
growth, 0.28 mL of 0.01 M AgNO3 and 2.0 mL of 0.01M HAuCl4 were added into 40 
mL of 0.1 M CTAB solution to form the mixture by gentle shaking. 0.4 mL of 0.1 M 
L- (+) -ascorbic acid solution, 0.8 mL of 1.0 M HCl, and 90 µL of as-prepared seed 
solution were added into the mixture sequentially. The reaction mixture was left 
undisturbed for more than 6 h for longitudinal overgrowth. Finally, CTAB capped Au 
NRs with longitudinal plasmon resonance band at around 810 nm were obtained.  
 
Au@Ag NRs were prepared by using silver shell growth on Au NRs in CTAC 
solution.43 The excess CTAB in the prepared 810 nm Au NRs was first replaced with 
CTAC. 2 mL Au NRs solution was centrifuged at 7500 rpm for 10 min and the 
bottom precipitate was redispersed in 2 mL of CTAC solution (80 mM). The 
procedure was repeated for three times. The obtained solution (2 mL) was then 
diluted to 10 mL of 80 mM CTAC, followed by the adding of 0.5 mL of 95 mM L- (+) 
-ascorbic acid solution and 160 µL of AgNO3 (0.01 M). The mixture solution was 
placed in the oven at 60 ºC for 4 h and then cooled down to room temperature and 
centrifuged at 8000 rpm for 10 min. Finally, the obtained Au@Ag NR precipitate was 
centrifuged and redispersed in 2 mL deionized water. 
 
4 mL as-prepared Au@Ag NRs solution was diluted into 20 mL, followed by adding 
of 20 mL HCl (1.0 M). The mixture was stirred for 40 min and added by 16 mL of 
TTEAIP in isopropanol (80%), followed continuous stirring for 24 h. Finally, the 
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prepared Au@Ag@TiO2 NCs were washed with deionized water twice and 
redispersed in 4 mL of ethanol.44 
 
4.2.2 Instrumentations and characterizations 
 
As-prepared Au@Ag NRs and Au@Ag@TiO2 NCs were characterized by scanning 
electron spectroscopy (SEM) (JEOL JSM-6701F), x-ray diffraction (XRD) 
(Bruker-AXS), transmission electron microscopy (TEM) (Philips CM10) and UV-vis 
extinction spectra (UV-2550 spectrophotometer). H2 production measurements were 
carried out on photocatalysts of Au@Ag@TiO2 NCs and commercial TiO2 (Degussa 
P25) based same mass of TiO2 in deionized water mixed with ethanol (hole scavenger) 
contained in a quartz bottle under illumination with a xenon lamp. The reaction 
mixture was purged with N2 gas prior to the measurements. The generated H2 was 
detected and calculated by drawing the sample gas to a gas chromatographer.45 
 
To measure the photocurrents in a home-made photo-electrochemical (PEC) cell (as 
shown in scheme 4.2), working electrodes with thin films of Au@Ag@TiO2 NCs and 
P25 TiO2 NPs were prepared by drop casting sample solutions (solvent: ethanol) onto 
ITO substrates. For the preparation of thin films, Au@Ag@TiO2 (0.4 mg + 0.1 mg) 
and P25 TiO2 (0.1 mg) were dissolved in 0.5 mL ethanol to form well-dispersed 
solutions. The ITO substrates (10mm×15mm) were cleaned by ultra-sonication in 
double-distilled water and acetone, and then dried under N2 flow before using. 10 µL 
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of the sample solution was dropped each time to form uniform thin film through 
layer-by-layer deposition. The samples were confined into a rectangular area (10 
mm×9 mm) by rubber tape on the ITO substrate. Silver paste was used to connect the 
ITO with the outer circuit. Pt wire was used as counter electrode. The electrolyte 
solution used was 0.1M Na2SO4 in deionized water. Photocurrents were measured by 
SourceMeter (KEITHLEY 2401), under irradiation of UV light from a 300W xenon 
lamp equipped with a short pass filter (cutoff wavelength length of ~ 400 nm).  
 
 
Scheme 4.2 Schematic diagram of the photo-electrochemical measurement setup. 
 
The time-resolved pump-probe experiments were performed by using a Ti:sapphire 
oscillator (Coherent) seeded regenerative amplifier laser system. The amplifier laser 
system gives an output femtosecond pulse with energy of 3 mJ at 800 nm and a 
repetition rate of 1 kHz. A portion of the 800 nm beam passed through a collinear 
optical parametric amplifier of white-light continuum (TOPAS-C) to generate 350 nm 



















generate a white light continuum as the probe beam. The pump beam was focused 
onto the sample with a beam size of ~ 400 µm in diameter and overlapped with the 
smaller probe beam (~150 µm in diameter). The time delay between the pump and 
probe pulses was controlled by a translation stage (Newport, ESP 300). All the 
aqueous samples were contained in a 1 mm path length cuvette with same extinction 
intensity at pump wavelength. During the measurements, the pump and probe power 
intensities were kept same and low to minimize the photodamage to the samples.46 
 
4.3 Results and Discussion 
 
Figure 4.1 shows the UV-vis extinction spectra of Au@Ag NRs and Au@Ag@TiO2 
NCs. From the spectra, we can see that the Au@Ag NRs show a longitudinal surface 
plasmon resonance (SPR) band at 684 nm, which blue shifted compared with that of 
Au NRs (810 nm). The blue shift can be ascribed to the change of the surrounding 
dielectric medium.47 In addition, one new SPR band formed in the UV region due to 
the formation of Ag shell.43 After coating of TiO2 shell, the UV-vis spectrum of 
Au@Ag@TiO2 NCs in water displayed a longitudinal SPR band center at 706 nm, 
which is slightly red shifted compared with that of Au@Ag NRs due to an overall 





Figure 4.1 UV-vis extinction spectra of Au@Ag NRs and Au@Ag@TiO2 NCs 
 
TEM images of Au@Ag@TiO2 NCs (Figure 4.2) show that Au NRs were uniformly 
coated with shells of Ag with an average thickness of ~4 and ~7 nm along the 
transverse and longitudinal directions. The average diameter and length of Au@Ag 
NRs are ~26 and ~76 nm. The boundary between Au and Ag can be clearly 
distinguished by the contrast of brightness. Coating of TiO2 shells on the Au@Ag 
NRs can be clearly seen from the TEM images (Figure 4.2). The average thickness of 
the TiO2 shells have been measured to be ~5.7 nm. The boundary between Au@Ag 
and TiO2 can also be distinguished clearly by the brightness contrast. Figure 4.3 
shows the high resolution TEM of Au@Ag@TiO2 NCs, from which the TiO2 shells 
are confirmed to be amorphous due to the absence of crystal lattice.49 This thin 
amorphous TiO2 shells could provide a short diffusion pathway for reactants to reach 
the Au@Ag cores.50 
 





















Figure 4.2 TEM images of Au@Ag@TiO2 NCs. 
 
 
Figure 4.3 HRTEM image of Au@Ag@TiO2 NCs. The thicknesses of Ag is 4~7 nm. 
The average thickness of TiO2 shell is ~5.7 nm. 
 
XRD patterns of Au@Ag@TiO2 NCs are shown in Figure 4.4, in which typical 
diffraction peaks of Au and Ag labeled with “#” can be clearly identified and the 
absence of signal from TiO2 shells prove their amorphous properties. The 
composition of Au, Ag and Ti elements in the NCs has been confirmed by the 
SEM-EDS analysis (Figure 4.5b). The corresponding bright field SEM image (Figure 
4.5a) shows that the TiO2 coated Au@Ag NRs tend to pack as monomers instead of 







isolated Au@Ag NRs. 
 
 
Figure 4.4 XRD patterns of Au@Ag@TiO2 NCs 
 
 
Figure 4.5 SEM images (a) and EDS spectrum (b) of Au@Ag@TiO2 NCs. 
 
Photocatalytic H2 generation on Au@Ag@TiO2 NCs with longitudinal SPR band at 
670 nm and P25 TiO2 NPs have been evaluated.45 Control experiments were carried 


















































out to indicate no H2 generation in the absence of either irradiation or photocatalysts, 
suggesting that H2 was produced from photocatalytic reactions on Au@Ag@TiO2 and 
P25 TiO2 samples under UV light illumination. Figure 4.6 shows the comparison of 
photocatalytic H2 generation rate of Au@Ag@TiO2 NCs with P25 TiO2 NPs based on 
same amount of TiO2. As can be seen, noble metal has a significant influence on the 
photocatalytic efficiency of the TiO2. Although Degussa P25 TiO2 is well known for 
its good photocatalytic activity in photocatalytic H2 production and water pollutant 
decomposition,51 it shows a comparatively low photocatalytic activity (0.9 mmol 
g-1h-1), which may be due to the fast recombination of photogenerated electrons and 
holes in the pure TiO2. In addition, the presence of a large over-potential in the H2 
production on the surface of TiO2 and the rapid backward reaction (recombination 
between H2 and O2 into water) make pure TiO2 inactive in the photocatalytic water 
splitting.52 Usually, loading of noble metal NPs on semiconductor surfaces could 
effectively enhance the separation of the photogenerated electrons and holes, prolong 
their lifetimes, and suppress the backward reaction between H2 and O2, which results 
in the enhancement of the photocatalytic activities.53 Core-shell structure providing 
strong interaction between the metal core and the semiconductor shell may further 
boost the photocatalytic activities. It can be noted from the results (Figure 4.6) that in 
the presence of Au@Ag metal cores the photocatalytic H2 generation rate of the 
samples increased from 0.9 to 13 mmol g-1h-1 by ~14 times enhancement at the same 
experimental conditions. It is proposed that the process of UV light excited electrons 
in the conduction band of TiO2 transferring to the Fermi level of noble metal greatly 
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decreased the probability of electron-hole recombination by the formation of 
Schottky barriers at the metal-semiconductor interfaces, which results in more 
efficient photocatalytic reactions. 
 
 
Figure 4.6 Rate of photocatalytic H2 generation from water on P25 TiO2 NPs and 
Au@Ag@TiO2 NCs (SPR band: 670 nm) under UV light irradiation.45 
 
In order to understand the carrier dynamics in the noble metal and metal oxide system, 
transient absorption and decay profiles of our samples were measured. Figure 4.7 
shows the transient absorption spectra of P25 TiO2 NPs and Au@Ag@TiO2 NCs in 
the spectral range from 430 nm to 780 nm at different delay time. It can been seen 
that the transient spectrum of pure TiO2 is dominated by a broad absorption peak 
centered at 643 nm, while the spectrum of Au@Ag@TiO2 is dominated by a 
bleaching peak from the longitudinal band of the Au@Ag core and an absorption 
peak mainly from the TiO2 shell. The charge transfer between the Au@Ag core and 
the TiO2 shell was probed by monitoring the transient absorption decay at 740 nm 
following 350 nm excitation of the Au@Ag@TiO2 NCs as shown in Figure 4.8. Band 
gap excitation of TiO2 by UV pulse laser caused electron-hole separation followed by 















electron-hole recombination or electron-trapping processes. The decay of the 
absorption in the picosecond time scale represents the fraction of electrons that are 
lost in the recombination process.54 The profiles indicate a faster decay in 
Au@Ag@TiO2 NCs compared to pure TiO2 system. Therefore, it can be obviously 
seen that the photogenerated electron-hole recombination in TiO2 is substantially 
suppressed by Au@Ag@TiO2 NCs. Such quenching phenomenon could be attributed 
to the effective trapping of the photogenerated electrons by the Au@Ag cores. 
 
 
Figure 4.7 Transient absorption spectra of (a) P25 TiO2 NPs and (b) Au@Ag@TiO2 
NCs under 350 nm excitation (64 µJ/cm2). 
 
 
Figure 4.8 Normalized single wavelength decay dynamics of P25 TiO2 NPs and 
Au@Ag@TiO2 NCs under probe at 740 nm. 
 
































































Furthermore, study on the effect of charge transfer on the photocatalytic H2 
generation performance of Au@Ag@TiO2 NCs was carried out by using PEC 
measurements. Before the photocurrent measurements, the electrolyte solution was 
purged with N2 gas to remove the O2. From the I-V characteristics for the 
Au@Ag@TiO2 sample (Figure 4.9), no oxidation or reduction process was observed 
in the whole scan range from -0.7 to 0.7 V. It can be noted that under UV light 
irradiation the Au@Ag@TiO2 shows photocurrent with density of ~0.8 µA/cm2 even 
under 0 V bias voltage. In the dark environment, almost no current flow through the 
PEC system without applying bias voltage. Figure 4.10 shows the typical 
photocurrent versus time response curves for P25 TiO2 and Au@Ag@TiO2 with two 
on-off circles of intermittent UV light irradiation. It is clear from the results that the 
photocurrents rose instantly with time after light-on. Moreover, it was found that the 
photocurrent of pure P25 TiO2 (~10.3 µA) is almost 13 times higher than that of the 
Au@Ag@TiO2 (~0.8 µA). The PEC cell measures the photocurrents by collecting the 
photogenerated electrons flowing through the photoanode. Under UV light excitation, 
a fraction of the photogenerated electrons are transferred to Au@Ag nanocores 
instead of transporting entirely to the ITO electrode and then through the external 
circuit to the counter electrode. Thus, a lower photocurrent is obtained in 
Au@Ag@TiO2 compared with pure TiO2, which is consistent with their performance 
in photocatalytic H2 production. From the PEC results, the Au@Ag@TiO2 NCs have 
been shown to exhibit superior charge trapping ability based on the electron transfer 
from the semiconductor part to the noble metal part, which may translate to the 
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Figure 4.9 I-V characteristics of Au@Ag@TiO2 NCs in the dark and under UV light 
irradiation with density of 70 mW/cm2 (measured in 50 s from light-on). 
 
 
Figure 4.10 Time response of P25 TiO2 and Au@Ag@TiO2 to the UV light (70 




In summary, mechanism of noble metal enhanced photocatalytic H2 production in 
Au@Ag@TiO2 NCs has been investigated by transient absorption spectroscopy and 
















































PEC measurements. With Au@Ag cores as electron trappers, the photocatalytic 
property of Au@Ag@TiO2 NCs is enhanced by ~14 times through the electron 
transfer from the conduction band of TiO2 to the Au@Ag, which has been proved by 
the charge carrier dynamics study (faster transient absorption decay in 
Au@Ag@TiO2 compared to pure P25 TiO2). Furthermore, time resolved 
photocurrents of the Au@Ag@TiO2 NCs and P25 TiO2 NPs have been measured and 
compared. The results show that the photocurrent of pure TiO2 is ~13 times higher 
that of Au@Ag@TiO2, which is consistent with the ~14 times enhancement of 
photocatalytic activity in Au@Ag@TiO2 and indicates their capability of efficiently 
inhibiting the charge recombination. This work is of fundamental relevance to the 
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Chapter 5 Small Molecule-Based Organic Memory Device and 




Nowadays, the importance of digital memory devices becomes more and more 
manifest in the development of microelectronic technology. Most of the memory 
devices used in the industry are based on inorganic semiconductors and facing many 
challenges for the scale-down fabrication and large capacity requirement. Recently, 
organic semiconductors including polymers and small molecules, which could be also 
electroactive based on electron pull-push effect at molecular level, have become 
promising alternatives to traditional inorganic semiconductors in data storage 
applications.1-8 Organic materials have significant advantages over inorganic 
materials such as low cost, easy purification, device structure simplicity and large 
scalability.9-10 Moreover, organic electronic memory has attracted numerous research 
interests due to its capability of three dimensional stacking cross-bar array to achieve 
ultra-high density data storage.11-23 Several groups have reported sandwich structure 
memory devices fabricated by using polymeric organic materials containing 
electron-donor and -acceptor moieties.24-29 These devices displayed bistable switching 
behavior with on-off current ratio ranging from 103 to 105. Compared to polymeric 
materials, organic small molecules have better confined structure and less 
batch-to-batch variation in properties.30 Also, their controllable π-π stacking in the 
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solid state films could facilitate the charge transport processes and improve the 
electrical properties. Owing to these merits, we would like to be focused on the study 
of organic small molecule based memory devices. 
 
May factors affect the performance of small molecule memory devices such as 
molecular length, molecular planarity and different electron-deficient moieties.31-32 In 
our work, two small molecules 1,3-diphenyl-5-(4-dimethylamino-phenyl)-pyrazole 
(TPP-1) and 
1-(naphthalimide-butyl)-3-diphenyl-5-(4-dimethylamino-phenyl)-pyrozole (TPP-2) 
have been designed and synthesized, as shown in Scheme 5.1. Both molecules have a 
donor-spacer-acceptor molecular framework with similar structure but different 
electron deficient groups (phenyl group for TPP-1, and naphthalimide group for 
TPP-2). The influence of intermolecular π-π stacking on the memory device activities 
has been investigated. The results show that TPP-1 thin film with closer molecular 
packing exhibits write-once-read-many-times (WORM) binary memory behavior and 
lower switching threshold voltage, while TPP-2 thin film with looser molecular 
packing exhibits dynamic random access (DRAM) behavior and higher switching 
threshold under identical test conditions. We postulated that close molecular packing 
could facilitate the intermolecular π-π interactions, resulting into increased charge 
carrier transport efficiency and different electrical activities. Moreover, their 
switching mechanisms involving electron transfer and trapping processes have been 






Scheme 5.1 Chemical structures and optimized geometries of (a) TPP-1 and (b) 
TPP-2. 
 
5.2 Experimental Section 
 
5.2.1 Preparation of TPP-1 and TPP-2 
 
3-(4-N,N-dimethylaminophenyl)-1-(4-phenyl)-2-en-1-one (2.51 g, 10 mmol) and 
phenyl hydrazine (1.30 g, 12 mmol) were dissolved in a mixture of concentrated 
aqueous HCl (1.5 mL) and absolute ethanol (30 mL). The mixture was heated at 
reflux for 24 h under nitrogen atmosphere and then cooled to room temperature. 
Standing for a moment, the mixture was suction filtered and washed with absolute 
ethanol. The brown powder was dried in the vacuum oven and the crude product was 
purified by column chromatography to yield of TPP-1. Yield of TPP-1: 2.65 g, 82%. 
1H NMR (400 MHz, DMSO-d6, δ): 7.74 (d, J = 7.2 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 
(a)                           (b)
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7.37 (d, J = 7.2 Hz, 1H), 7.17-7.08 (m, 4H), 7.02 (d, J = 7.8 Hz, 2H), 6.72-6.65 (m, 
3H), 5.34 (dd, J = 12.0, 6.3 Hz, 1H), 3.84 (dd, J = 17.4, 12.2 Hz, 1H), 3.84 (dd, J = 
17.4, 6.4 Hz, 1H), 2.84 (s, 6H). 13C NMR (400MHz, DMSO-d6, δ): 150.16, 147.52, 
144.85, 132.98, 130.22, 129.23, 129.10, 129.02, 127.06, 126.07, 118.86, 113.51, 
113.18, 113.51, 113.18, 63.36, 43.49. 
 
3-(4-N,N-dimethylaminophenyl)-1-(4-phenyl)-2-en-1-one (753 mg, 3 mmol) and 
4-hydrazo-N-1,8-naphthalimide (996 mg, 3 mmol) were dissolved in a mixture of 
concentrated aqueous HCl (1.5 mL) and absolute ethanol (30 mL). The mixture was 
heated at reflux for 24 h under nitrogen atmosphere and then cooled to room 
temperature. Standing for a moment, the mixture was suction filtered and washed 
with absolute ethanol. The orange-yellow powder was dried in the vacuum oven and 
the crude product was purified by column chromatography to yield of TPP-2. Yield 
of TPP-2: 1.24 g, 80%. 1H NMR (400 MHz, DMSO-d6, δ): 9.66 (d, J = 8.5 Hz, 1H), 
8.48 (t, J = 6.5 Hz, 1H), 8.17 (d, J = 8.4 Hz, 1H), 7.84 (t, J = 11.9 Hz, 3H), 7.50 (d, J 
= 7.5 Hz, 3H), 7.18 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 8.6 Hz, 1H), 6.62 (d, J = 8.5 Hz, 
2H), 5.85 (d, J = 6.5 Hz, 1H), 4.03-3.92 (m, 3H), 3.28 (s, 1H). 2.80 (s, 6H), 1.56 (d, J 
= 6.7 Hz, 2H), 1.32 (d, J = 7.0 Hz, 2H), 0.90 (t, J = 7.3 Hz, 3H). 
 





Scheme 5.2 A schematic structural diagram of the sandwich memory device. 
 
A schematic diagram of indium-tin oxide (ITO)/small molecule/Al memory device is 
illustrated in Scheme 5.2. The ITO glass was sequentially pre-cleaned by 
ultra-sonication in distilled water, acetone and ethanol. The active organic small 
molecule film was deposited onto the ITO substrate under high vacuum. The film 
thickness was controlled to be about 100 nm. The top aluminum (Al) electrodes were 
thermally evaporated and deposited onto the surface of the organic layer through 
shadow mask under vacuum. 
 
5.2.3 Measurement and instruments 
 
The electrical measurements on the devices were characterized under ambient 
environment, using a HP 4145B semiconductor parameter analyzer equipped with a 
HP 8110A pulse generator. NMR spectra were measured from an Inova 400 MHz 
FT-NMR spectrometer. UV-vis extinction spectra were obtained from a Shimadzu 
UV-2550 spectrophotometer. Atomic force microscopy (AFM) characterization were 
performed using a tapping mode AFM instrument (MFP-3DTM, Digital 











a XRD instrument (Bruker-AXS). Ultraviolet photoelectron spectroscopy (UPS) was 
performed with a He I (21.21 eV) radiation (VG Scientific ESCALAB Mark II).  
 
The transient absorption and time-resolved pump-probe experiments were performed 
by using a Ti:sapphire oscillator (Coherent) seeded regenerative amplifier laser 
system. The amplifier laser system gives an output femtosecond pulse with energy of 
3 mJ at 800 nm and a repetition rate of 1 kHz. A portion of the 800 nm beam passed 
through a collinear optical parametric amplifier of white-light continuum (TOPAS-C) 
to generate pump beam at different wavelength (350 nm, 370 nm, 400 nm, 450 nm 
and 500 nm). Another portion of the 800 nm beam passed through a sapphire crystal 
to generate a white light continuum as the probe beam. The time delay between the 
pump and probe pulses was controlled by a translation stage (Newport, ESP 300). 
The aqueous samples (TPP-1 and TPP-2 in toluene) were contained in a 1 mm path 
length quartz flow cell (Fisher Scientific TM, Variable-Flow Peristaltic Pumps). Flow 
rate of ~ 120 mL/min was kept to avoid the photothermal damage to the samples. 
 
5.3 Results and Discussion 
 
5.3.1 Current-voltage (I-V) characteristics 
 
The I-V characteristics of ITO/small molecule/Al sandwich devices are shown in 
Figure 5.1. As seen in Figure 5.1a, the fabricated TPP-1 thin film initially showed an 
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OFF state with low conductance ("0" state). When a negative voltage was applied 
onto the Al electrode, an abrupt increase was observed in current of -2.8 V (sweep 1 
in Figure 5.1a), indicating that the device underwent a sharp electrical transition from 
the OFF state to an ON state with high conductance ("1" state). The high conductive 
state can be maintained during the subsequent scans from 0 to -5 V (sweep 2 and 3 in 
Figure 5.1a), even without the power supply. Therefore, this OFF-to-On could serve 
as "writing" process in the memory device, and the ITO/TPP-1/Al sandwich memory 
device demonstrates a typical nonvolatile WORM memory behavior. Moreover, the 
memory behavior can be repeated many times for different cells on the same device 
with reproducible switching, and the two states of the binary memory cells are quite 
distinct with current ratios of "0" and "1" being 1 : 4.5 × 102. The electrical switching 
characterization of TPP-2 thin film was also performed as shown in Figure 5.1b. As 
the applied voltage increased to the threshold (-4.0 V), the ITO/TPP-2/Al device also 
went through a sharp electrical transition from a low conductance OFF state to a high 
conductance ON state ("0" state to "1" state) with the current ratio of 1 : 7.8 × 103 
(sweep 1 in Figure 5.1b). However, after removing the power supply, the high 
conductance could not be maintained and turned back to low conductance (sweep 2 
and 3 in Figure 5.1b). Thus, the TPP-2 based sandwich device exhibits a different 
DRAM behavior. It should be noted that the switching threshold voltage of TPP-1 is 





Figure 5.1 Current-voltage (I-V) characteristics of (a) ITO/TPP-1/Al device and (b) 
ITO/TPP-2/Al device. 
 
5.3.2 Optical properties 
 
To understand the obvious difference of the switch-on threshold voltages between the 
two small molecule based devices, we measured their optical properties to clarify the 
difference of the charge injection energy barrier in both molecules. Figure 5.2 shows 
the UV-vis absorption spectra of TPP-1 and TPP-2 small molecules. The spectra of 
both TPP-1 and TPP-2 show a major absorption peak which could be assigned to an 
allowed π-π* transition localized on the pyrazoline system.33 The absorption bands in 
solid state are obviously bathochromic-shifted (from 361 nm to 371 nm for TPP-1, 
and from 442 nm to 449 nm for TPP-2) and broadened, which is likely to be caused 
by the formation of molecular aggregates or orderly π-π stacking and increased 
polarity of the thin films.28, 34-36 Higher orderly π-π stacking and polarity could 
facilitate the charge transfer (CT) from the electron-donating units to the 
electron-accepting units of neighboring molecules upon external voltage bias, and 
further result in higher carrier mobility of the small molecule thin films.37-38 In 
addition, the optical bandgaps (Eg) between the lowest unoccupied molecular orbital 





















































(LUMO) and highest occupied molecular orbital (HOMO) energy levels of TPP-1 
and TPP-2 films can be determined from the onset of optical absorption (λonset), and 
estimated to be 2.83 and 2.33 eV, respectively. The HOMO energy levels of TPP-1 
and TPP-2 films were determined by UPS measurements (Figure 5.3), whereas the 
LUMO energy level could be calculated from the difference between HOMO and Eg. 
The values of EHOMO and ELUMO were determined to be -6.92 (or -6.02) and -4.09 (or 
-3.69) eV for TPP-1 film (or TPP-2 film), as summarized in Table 5.1. 
 
Figure 5.2 UV-vis absorption spectra of TPP-1 and TPP-2 in toluene solution and as 
thin solid film. 
 
 
Figure 5.3 Typical He I (hν = 21.22 eV) UPS spectra of TPP-1 (a) and TPP-2 (b) 
films. The relation between spectrum width w, hν and EHOMO is illustrated. 
 
For the two binary memory devices, the electron injection barrier from Al electrode 
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to molecule layer are estimated to be 0.21 and 0.61 eV for TPP-1 and TPP-2, 
respectively (Table 5.1). However, the hole injection energy barriers from ITO 
electrode to molecule layer are estimated to be 2.11 and 1.42 eV for TPP-1 and TPP-2, 
respectively (Table 5.1). Therefore, both small molecules are n-type materials and 
electrons dominate the conduction processes.27 The lower threshold voltage of the 
TPP-1 based memory device could be mainly attributed to the smaller electron 
injection energy barrier, which may be due to more orderly molecular arrangement in 
the thin film.31  
 
Table 5.1 Optical and electrical properties of TPP-1 and TPP-2 films. 
Molecule λonseta/nm Egb/eV HOMOc/eV LUMO/eV 
Injection barrier/eV 
holed electrone 
TPP-1 437 2.83 -6.92 -4.09 2.11 0.21 
TPP-2 533 2.33 -6.02 -3.69 1.42 0.61 
a
 Onset optical absorbance of TPP-1 and TPP-2 films. b Eg = 1240/λonset. c Obtained 
from UPS. d Energy difference between work function of ITO (-4.8 eV) and 
HOMO energy level. e Energy difference between work function of Al (-4.3 eV) 
and LUMO energy level.  
 
5.3.3 Morphology of the thin films  
 
To investigate the crystallinity and structures of the small molecule thin films, AFM 
and XRD measurements were carried out. The AFM topography images (Figure 5.4b 
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and 5.4d) clearly show that both molecules formed two-dimensional grains in their 
solid state. The grain-like morphology was also observed on other substrates 
including glass and silicon oxide, which indicates that the interaction between 
molecules rather than between molecule and substrate drives the molecular 
self-assembly during the vacuum vapor-deposition processes.31 Furthermore, there are 
evident differences between TPP-1 and TPP-2 films in the surface roughness and the 
uniformity of the gain size. The surface root-mean-square (RMS) roughness is 2.3 nm 
for TPP-1 with uniform nanograin size, while TPP-2 has a much rougher surface 
morphology with larger RMS roughness of 7.6 nm.  
 
The XRD patterns of the two thin films exhibit diffraction peaks at 2θ = 13.5° for 
TPP-1, and 2θ = 10.9° for TPP-2, with corresponding dspacing of 6.6 and 8.1 Å. Smaller 
dspacing of TPP-1 suggests that TPP-1 molecules have stronger intermolecular π-π 
stacking and pack more closely in the thin films than TPP-2, which is consistent with 
the results of AFM.32 The differences in the molecular structures in the film state may 





Figure 5.4 AFM (5 µm × 5 µm) height and 3D topography images of TPP-1 (a, b) 
and TPP-2 (c, d) films. 
 
 
Figure 5.5 XRD patterns of TPP-1 and TPP-2 films. 
 
5.3.4 Mechanism study 
 
Density functional theory (DFT) calculations were carried out to simulate the 




















see that an open channel is formed on the molecular surface throughout the 
pyrazoline system with a continuous positive ESP (in blue) for the migration of 
charge carriers. The negative ESP regions (in red) caused by the electron-deficient 
groups can serve as "traps" to reduce the mobility of the charge carriers.39-40 Under 
low voltage bias, charge carriers do not have sufficient energy to overcome the 
injection energy barrier between the donor (D) and the acceptor (A), so that the 
device is in the OFF state. However, when the applied bias increases to the threshold 
voltage, the accumulated charge carriers with adequate energy inject into the 
electroactive layer and the carrier traps arising from the phenyl (for TPP-1) or 
naphthalimide group (for TPP-2) will be rapidly filled, resulting in the current 
transition from OFF state to ON state.41 The trapped charge carriers could be 
stabilized by intra- and/or inter-molecular CT, which would then form a 
charge-separated state.42-43 In TPP-1 thin film, stronger intermolecular π-π stacking 
may result in a permanent charge-separated state under above-threshold excitation, 
which could lead to the WORM memory characteristics. However, in TPP-2 thin film, 
weaker intermolecular interaction may lead to easily detrapped electron transition, so 
that the charge-separated state could not occur once the external electric field was 
removed, resulting in the DRAM performance.32 Furthermore, more efficient 
molecular packing and orderly arrangement in the thin films would facilitate the 





Figure 5.6 Molecular ESP of TPP-1 and TPP-2 from DFT calculations. 
 
To further understand the charge transition mechanism, transient absorption and 
time-resolved pump-probe experiments were performed on TPP-1 and TPP-2 
utilizing a femtosecond laser system. Figure 5.7a and 5.7c depict the transient 
absorption spectra of TPP-1 and TPP-2 (in the spectral range from 430 nm to 790 nm) 
under different wavelength excitation at delay times of 0 and 1200 ps. It can be seen 
that the transient spectra of TPP-1 (or TPP-2) is dominated by a broad absorption 
peak centered at 485 (or 600) nm, which could be attributed by excited state 
absorption (ESA) from LUMO to higher LUMO as shown in Figure 5.7e. We can 
also observe that the ESA recovery time of TPP-1 (or TPP-2) underwent an abrupt 
increase when the excitation wavelength decreased from 400 nm to 370 nm (Figure 
5.7b and 5.7d), which may be corresponding to the electrical switching behavior of 
TPP-1 (or TPP-2) in the memory device. The optical switching threshold is 
comparable to the electrical switching threshold, as summarized in Table 5.2. Both of 





molecule to a higher excited state. 
 
 
Figure 5.7 (a) Excitation wavelength dependent transient absorption spectra of TPP-1 
at delay times of 0 ps and 1200 ps. (b) Excitation wavelength dependent absorption 
dynamics of TPP-1 under probe at 485 nm. Inset: the same dynamics at shorter time 
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delay times of 0 ps and 1200 ps. (d) Excitation wavelength dependent absorption 
dynamics of TPP-2 under probe at 600 nm. Inset: the same dynamics at shorter time 
scale. (e) Plausible electronic transitions under an electric field with below-threshold 
energy (hv) or above-threshold energy (hv'). 
 
By applying an electric field (light or voltage), the small molecules in the ground 
state (D-A) could be promoted to the excited state (D*-A). Only when the excitation 
energy is high enough (above the switching threshold) for promoting the electrons to 
the higher vibrational energy levels, the intramolecular CT could occur (D+-A-). This 
process could then induce the prolonged carrier dynamics (τESA’) by the formation of 
an intramolecular potential barrier that prevents the back CT (Figure 5.7e).44 
Otherwise, the excited electrons would relax from the D*-A state to the D-A state 
quickly, leading to the comparatively faster carrier dynamics (τESA).45 
 
Table 5.2 Switching threshold parameters of TPP-1 and TPP-2. 
Sample 
Switching threshold (Eth)/eV 
Electricala Opticalb 
TPP-1 2.59 3.02 ~ 3.44 
TPP-2 3.39 3.02 ~ 3.44 
a
 Current transition threshold electron voltage (2.8 eV for TPP-1 and 4.0 eV for 
TPP-2) subtracting electron injection barrier (0.21 eV for TPP-1 and 0.61 eV for 
TPP-2). b Optical transition threshold in the range from 1240/(400 nm ± 10 nm) to 






In summary, two conjugated pyrazoline-based small molecules with different electron 
deficient groups have been designed and prepared, in which the dimethylamino group 
acts as an electron donor and phenyl (for TPP-1) or naphthalimide group (for TPP-2) 
acts as an electron acceptor. Their structures in solid state thin films were 
characterized by XRD and AFM measurements. TPP-1 with closer molecular packing 
fulfils non-volatile WORM binary memory behavior, while TPP-2 with looser 
molecular packing exhibits DRAM performance. Their different memory behaviors 
and switching thresholds can be mainly attributed to the stronger intermolecular π-π 
interactions in TPP-1 compared with TPP-2, which could facilitate the formation and 
maintaining of the charge-separated states and the carrier transit pathways. Moreover, 
the CT processes in the small molecules under below- or above-threshold excitation 
have been monitored and studied using transient absorption spectroscopy and DFT 
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Chapter 6 Conclusion 
 
In this thesis, the charge transfer processes and mechanisms in the 
semiconductor-metal nanocomposites (NCs) and organic small molecule based 
memory devices through optical spectroscopic studies. Firstly, a facile strategy for 
preparation of novel NCs by coupling Au nanoparticles (NPs) onto the surface of 
Cu2O nanowires (NWs) is reported in Chapter 2. These Cu2O-Au NCs display 
tunable optical properties and improved photo-catalytic performance which are 
dependent on the coverage density of the Au NPs. The enhanced photo-catalytic 
efficiency is believed to be due to enhanced light absorption by surface plasmon 
resonance and electron transfer from the semiconductor to the metal part. Then the 
photoconductive properties of the Cu2O NWs and the Cu2O-Au NCs are studied in 
chapter 3 by measuring their visible light excited persistent photoconductivity (PPC) 
at different ambient temperatures. By coupling of Au NPs, the photoconductivity of 
Cu2O NWs is enhanced by 6.8 times mainly through the electron transfer from the 
conduction band of Cu2O to the Au, which has been proved by the charge carrier 
dynamics study. Meanwhile, with increasing the ambient temperature, the trapped 
electrons or holes can be thermally freed from the traps to the conduction band or to 
the valence band, which can also lead to the enhanced photoconductivity in the Cu2O 
NWs. Moreover, the time-resolved photoconductivities of our samples have been 
studied, of which the results show that the photocarrier relaxation dynamics consists 
of a fast decay process followed by a slower one, which is attributed to the presence 
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of traps in the energy band gap as well as the local potential fluctuation.  
 
In Chapter 4, another semiconductor-metal NC Au@Ag@TiO2 is studied and applied 
into H2 production. The Au@Ag@TiO2 NCs exhibit enhanced photocatalytic 
efficiency and the mechanism has been studied by transient absorption spectroscopy 
and photoelectrochemical (PEC) measurements. With Au@Ag cores as electron 
trappers, the photocatalytic property of Au@Ag@TiO2 NCs is enhanced by ~14 times, 
which is due to the sinking effect of the Au@Ag noble metal cores. Furthermore, 
time resolved photocurrents of the Au@Ag@TiO2 NCs and P25 TiO2 NPs have been 
measured and compared. The results show that the photocurrent of pure TiO2 is ~13 
times higher that of Au@Ag@TiO2, which is consistent with the ~14 times 
enhancement of photocatalytic activity in Au@Ag@TiO2 and indicates their 
capability of efficiently inhibiting the charge recombination.  
 
In Chapter 5, two conjugated pyrazoline-based small molecules (TPP-1 and TPP-2) 
with different electron deficient groups are prepared and applied in the organic 
memory devices. Both of these two molecules are made into thin films. TPP-1 with 
closer molecular packing fulfils non-volatile WORM binary memory behavior, while 
TPP-2 with looser molecular packing exhibits DRAM performance. Their different 
memory behaviors and switching thresholds can be mainly attributed to the stronger 
intermolecular π-π interactions in TPP-1 compared with TPP-2, which could facilitate 
the formation and maintaining of the charge-separated states and the carrier transit 
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pathways. Moreover, the CT processes in the small molecules under below- or 
above-threshold excitation have been monitored and studied using transient 
absorption spectroscopy and DFT simulation to clarify the charge transition 
mechanism. 
 
The studies in this thesis help to understand charge generation and transfer processes 
in semiconductor-metal NCs. Such novel nanostructures are very desirable building 
blocks for devices such as field-effect transistor applications, as a result of efficient 
transport of electrons and excitons under one-dimensional confinement. In addition, 
our work is of fundamental relevance to the design of efficient photocatalysts for 
sustainable and environment-friendly energy conversion applications. Finally, the 
investigation on organic small molecules with memory properties paves the way to 
creating new functional materials that are bio-compatible, mechanically robust and 
low power consuming. 
 
 
 
 
